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Preface 


Polymers  today  have  a  very  important  role  in  the  technological  advancement  of  our 
society.  Of  the  polymers,  biopolymers  are  particularly  attractive  materials  because 
they  are  generally  nontoxic  and  biodegradable,  thus  combining  excellent  functional 
properties  with  environmental  friendliness  and  prospects  for  sustainable  develop- 
ment. Furthermore,  the  input  materials  used  for  the  production  of  these  polymers 
can  be  either  renewable,  based  on  agricultural  plant  or  animal  products,  or  synthet- 
ic. In  this  regard,  synthetic  biopolymers  are  more  costly  than  natural  biopolymers, 
but  both  "types"  of  biopolymers  possess  interesting  properties  that  make  them 
suitable  for  a  wide  repertoire  of  biomedical  applications.  In  addition,  multifunc- 
tional entities  can  be  created  through  decoration  of  the  polymer  with  specific 
molecules  such  as  proteins,  peptides,  drugs,  antibodies,  biomimetic  ligands,  trans- 
fection  agents,  cells  and  various  ligands.  The  advent  of  nanotechnology  has  given  a 
new  momentum  towards  the  development  of  biopolymer-based  nanomaterials, 
which  can  undoubtedly  change  the  shape  of  our  lives. 

The  present  volume  entitled  "Multifaceted  Development  and  Application  of 
Biopolymers  for  Biology,  Biomedicine  and  Nanotechnology"  is  an  attempt  to 
provide  the  scientific  community  and  entrepreneurs  with  a  thorough  understanding 
and  knowledge  of  the  combination  of  nanotechnological,  biotechnological,  techno- 
logical and  medical  aspects  of  the  recent  advances  in  biopolymer  applications. 

The  chapter  "Functionalized  Nanoparticles  and  Chitosan-Based  Functional 
Nanomaterials"  summarizes  the  main  advances  in  design  and  preparation  of  nano- 
particles published  over  the  last  10  years  in  terms  of  polymeric  nanomaterials, 
emphasizing  functionalized  metal  nanoparticles,  carbon  nanotubes,  graphene,  ful- 
lerene,  liposomes,  quantum  dots  and  nanocomposites,  and  the  current  developing 
interest  in  functionalization  of  chitosan  derivatives  in  the  form  of  nanomaterials  to 
provide  new  strategies  for  a  wide  range  of  applications.  The  chapter  "Nanoparticles 
for  Gene  Delivery  into  Stem  Cells  and  Embryos"  describes  the  available 
nanoparticle-based  gene  delivery  systems  and  their  use  in  stem  cells  for  maintain- 
ing self -renewal,  pluripotency  and/or  targeted  differentiation  into  specific  cell  types 
for  cell-based  therapy  and/or  gene  therapy.  The  chapter  also  discusses  and  reviews 
the  progress  and  future  of  nanoparticles  for  the  generation  of  transgenic  animals  via 
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gene  delivery  into  embryos  -  a  research  area  that  is  yet  to  be  fully  explored.  The 
chapter  "Engineering  of  Polysaccharides  via  Nanotechnology"  deals  with  various 
sources  of  chitosan  and  their  physical,  chemical  and  biological  properties;  synthesis 
of  chitosan-based  nanoparticles,  nanospheres  and  nanogels;  characterization;  and 
biomedical  applications.  The  chapter  "Hydroxy apatite-Packed  Chitosan-PMMA 
Nanocomposite:  A  Promising  Material  for  Construction  of  Synthetic  Bone"  is 
focused  on  natural  bone  structure,  polymer  blends  and  recent  advances  in  poly- 
mer/(nano)hydroxy apatite  nanocomposites  for  application  as  synthetic  bone.  The 
chapter  "Biodegradable  Polymers  for  Potential  Delivery  Systems  for  Therapeutics" 
will  provide  support  to  research  scientists  and  clinical  physicians  who  are  interested 
in  the  development  and  application  of  biodegradable  polymeric  nanoparticles  as 
potential  delivery  systems  for  therapeutics.  The  chapter  "Phytomedicine-Loaded 
Polymeric  Nanomedicines:  Potential  Cancer  Therapeutics"  explains  the  design  and 
development  of  nanoformulations  and  their  application  as  potential  anticancer 
agents.  The  chapter  "Proteins  and  Carbohydrates  as  Polymeric  Nanodrug  Delivery 
Systems:  Formulation,  Properties  and  Toxicological  Evaluation"  embodies  an 
in-depth  discussion  of  various  carbohydrate-  and  protein-based  nanomedicines 
with  respect  to  their  formulation,  properties  of  the  nanoconstructs,  manipulation 
and  utilization  of  these  properties  towards  developing  a  better  drug  delivery  device 
and  also  the  toxicological  interactions  of  these  nanocarriers  with  host  physiological 
systems.  The  chapter  "Biopolymeric  Micro-  andNanoparticles:  Preparation,  Char- 
acterization and  Industrial  Applications"  reviews  the  preparation,  characterization 
and  applications  of  biopolymeric  micro-  and  nanoparticles.  The  chapter  "Applica- 
tions of  Glyconanoparticles  as  Glycobiological  Therapeutics  and  Diagnostics" 
provides  an  overview  of  the  most  recent  syntheses  and  applications  of  glyconano- 
particles in  glycoscience  that  have  deepened  our  understanding  of  multivalent 
carbohydrate-protein  interactions.  Together  with  sensitive  detection  devices,  inhi- 
bitors of  bacterial  adhesion  to  host  tissues,  cancer  vaccines  and  therapeutic  systems 
(including  photosensitizers  for  photodynamic  therapies),  these  novel  bionanoma- 
terials  are  finding  widespread  relevance.  The  recent  development  of 
glyconanoparticle-based  chemotherapeutic  drug  delivery  agents  is  also  addressed, 
together  with  their  molecular  imaging  properties  for  MRI  or  X-ray  contrast  agents, 
as  platforms  for  selective  immunolabelling  and  imaging  of  cells,  and  as  colorimet- 
ric  devices  in  various  bioassays. 

Last  but  not  least,  we  would  like  to  thank  all  contributors  for  their  generous 
support,  the  publisher  for  accepting  our  book  and  the  administrative  heads  of  both 
MNNIT  Allahabad  and  IET  Raipur,  India,  for  their  encouragement  and  coopera- 
tion, without  which  it  would  have  been  extremely  difficult  to  complete  this  task 
in  time. 
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Functionalized  Nanoparticles  and 
Chitosan-Based  Functional  Nanomaterials 

P.K.  Dutta,  Rohit  Srivastava,  and  Joydeep  Dutta 


Abstract  Newly  developed  nanomaterials  offer  unique  opportunities  in  the  fields 
of  industry  and  medical  sciences  that  are  complementary  to  current  technology. 
Nanomaterials  can  be  obtained  through  physicochemical  processes  from  various 
inorganic  and  organic  substances.  The  properties  and  functions  of  materials  can 
be  tuned  through  controlling  the  composition,  structure,  and  morphology  of  the 
nanoparticles.  Chitosan  is  the  principle  derivative  of  chitin,  which  is  the  second- 
most  naturally  occurring  polysaccharide  after  cellulose.  Chitosan  has  an  amino 
group  in  the  C-2  position  and  OH  groups  in  the  C-3  and  C-5  positions  of 
each  repeat  unit  and  can  react  with  functional  nanomaterials  through  various 
kinds  of  reaction  mechanisms.  There  have  been  several  reports  on  the  preparation 
of  nanoparticles  and  functional  nanomaterials  and  their  uses.  This  chapter 
summarizes  the  main  advancements  in  the  design  and  preparation  of  nanomaterials 
over  the  last  10  years,  with  an  emphasis  on  functionalized  metal  nanoparticles, 
carbon  nanotubes,  graphene,  fullerene,  liposomes,  quantum  dots,  and  nano- 
composites,  and  outlines  the  current  developing  interest  in  functionalization  of 
chitosan  derivatives  in  the  form  of  nanomaterials  to  provide  new  strategies  for 
a  wide  range  of  applications. 
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1  Introduction 

Nanosized  or  nanostructured  materials,  commonly  known  as  nanomaterials,  are  the 
backbone  of  nanotechnology  and  nanoscience.  They  have  unique  physicochemical 
properties  compared  with  the  bulk  materials  of  the  same  composition  and  have  been 
demonstrated  to  be  capable  of  changing  their  properties  and  applications. 
Nanomaterials  are  a  "minute  discrete  entity  with  at  least  one  dimension  being 
100  nm  or  less"  [1].  Nanomaterials  are  mostly  found  as:  (1)  carbon-based 
nanomaterials  that  consist  of  carbon  atoms  and  can  possess  different  nanostructures, 
e.g.,  single- walled  or  multiwalled  carbon  nanotubes  (CNT),  graphene,  and  fullerene. 
(2)  Metallic  nanomaterials,  which  can  consist  of  nanomaterials  of  metals,  transition 
metals  and  their  compounds  or  composites,  e.g.,  gold,  iron  oxide,  silver,  silica,  and 
quantum  dots.  (3)  Silicon  nanomaterials,  which  are  mainly  composed  of  silicon 
and  its  compounds,  e.g.,  silicon  or  silica  nanoparticles.  (4)  Organic  nanomaterials, 
which  are  formed  via  the  agglomeration  or  assembly  of  organic  molecules, 
e.g.,  dendrimers,  polymers  biomolecules,  or  biomacromolecules  Nanomaterials 
with  size  <50  nm  can  enter  most  cells  without  any  difficulty.  When  nanomaterials 
are  <20  nm,  they  can  enter  the  human  body  and  can  be  used  in  the  treatment  of 
various  diseases,  including  cancer,  human  immunodeficiency  syndrome,  viral  infec- 
tion, and  central  nervous  system  disorders,  because  most  disease  processes  occur 
at  the  molecular  and  cellular  levels.  Further,  the  ideal  imaging  resolution  is  in 
nanometers  because  most  biological  processes  take  place  on  this  length  scale. 
Therefore,  the  functionalization  of  nanoparticles  and  nanomaterials  and  their  use 
in  biomedical  and  pharmaceutical  industries  is  of  great  interest.  Functionalization 
involves  the  design  and  development  of  novel  functional  nanomaterials  such  as 
multifunctional  liposomal  [2],  functionalized  fullerenes  [3,  4],  functionalized 
nanotubes  [5],  functionalized  nanoparticles  [6],  polymeric  micelles  [7],  dendrimers 
[8],  nanoshells  [9],  and  polymeric  microspheres  [10].  Both  academic  communities 
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and  the  public  worldwide  have  already  benefited  from  the  unique  application  of 
these  nanomaterials. 

Polymer-based  functional  nanomaterials  are  mostly  used  as  nanosized  drug 
carriers.  When  the  drug  are  dissolved  or  encapsulated  in  the  nanoparticles  some 
interactions  occur  both  physically  and  chemically.  The  polymeric  nanoparticles 
have  some  advantages  for  drug  delivery.  Nanoparticles  can  be  made  from  polymers 
(polymeric  nanoparticles,  micelles,  or  dendrimers),  lipids  (liposomes),  viruses,  and 
even  from  organometallic  compounds.  The  use  of  polymeric  nanoparticles  as  drug 
delivery  systems  has  many  advantages  [1 1-14].  Two  types  of  polymers  are  used  as 
drug  conjugates,  i.e.,  natural  and  synthetic  polymers.  Various  types  of  polymers 
such  as  albumin,  chitosan,  and  heparin  occur  naturally  and  are  used  to  deliver 
oligonucleotides,  DNA,  proteins,  and  drugs. 

Of  all  the  natural  polymers,  chitosan  has  received  increased  attention  in  recent 
years,  especially  for  biomedical  applications  [15].  Chitosan  is  the  second-most 
abundant  biopolymer  in  nature,  just  after  cellulose.  It  is  a  linear  polysaccharide 
consisting  of  p-(l,4)  linked  D-glucosamine  residues  and  A^-acetyl-glucosamine 
groups  [16]  and  is  obtained  from  chitin  by  deacetylation.  Chitin  is  commonly 
found  in  the  shells  of  insects  and  crustaceans,  as  well  as  in  the  cell  walls  of  some 
fungi.  Chitosan  has  some  unique  properties,  including  biocompatibility,  biodegrad- 
ability,  hydrophilicity,  nontoxicity  and  nonantigenicity,  as  well  as  bioadherence 
and  cell  affinity  [17].  It  is  the  only  positively  charged  naturally  occurring  polysac- 
charide and  can  interact  strongly  with  negatively  charged  entities.  Thus,  chitosan 
itself  has  several  inherent  characteristics  and  no  doubt  its  use  in  functional 
nanomaterials  [18]  will  draw  the  attention  of  the  scientific  community.  However, 
the  work  reported  on  chitosan-based  functional  nanomaterials  is  limited  and  not 
well  documented.  In  this  chapter,  an  effort  has  been  made  to  develop  an  interest  in 
chitosan-based  functional  nanomaterials,  looking  at  its  versatility  and  end-use 
applications  for  the  benefit  of  the  readers,  researchers  and  workers  involved  in 
this  field  of  research. 

2    Functionalized  Nanomaterials 

Although  nanomaterials  have  a  wide  range  of  applications,  these  application  are 
limited.  However,  when  these  nanomaterials  are  functionalized  with  different 
organic  or  inorganic  ligands  and  various  type  of  biomolecules  then  the  number  of 
applications  increases  rapidly.  Although  some  nanomaterials  have  excellent  physi- 
cal and  chemical  bulk  properties,  they  do  not  posses  surface  properties  suitable  for 
specific  applications.  Consequently,  it  may  be  necessary  to  modify  or  functionalize 
the  surface  of  such  materials.  There  are  the  several  advantages  to  the  surface 
modification  or  functionalization  of  nanomaterials,  e.g.  to  stabilize  nanomaterials 
against  agglomeration  [19],  to  render  them  compatible  with  another  phase,  to  use 
modified  inorganic  nanofillers  in  organic  polymers,  and  to  enable  their 
self-organization.  Functional  organic  groups  on  the  particle  surface  may  allow 
deliberate  interaction  of  the  nanoparticles  with  molecules,  other  nanoparticle 
surfaces  or  solids.  The  functionalized  nanoparticles  with  combination  of  unique 
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Table  1  Physicochemical  properties  of  metal  nanoparticles 


Physical  state 


Characteristics 


Shape  and  size 


Potential  for  various  applications  such  as  catalysis  [32], 
biosensing  [33,  34],  recording  media  [35],  and  optics  [36] 


Noble  metal  nanoparticles 


Nanoparticles  in  the  form  of  colorants  [37],  metal  coatings 
[38],  electronics  [39],  optics  [40],  chemical  catalysts  [41], 
and  medicines  [42] 


Assembled  nanoparticles 


Used  in  diverse  field  such  as  photodetectors,  nanoelectronics, 
and  chemical  and  biological  sensors  [43,  44] 


Nanoparticles  of  different 
geometries  and  techniques 


Nanowires  in  the  microchip  industry  and  as  nanowaveguides 
for  electromagnetic  radiation,  for  solvent  evaporation 
of  hydrophobic  nanoparticle  molecular  crosslinking  in 
colloidal  aggregates  and  templates  [45-47],  and  in 
assemblies  using  biomacromolecules  [48]  such  as  DNA 
[49]  and  bacterial  S-layer  proteins  [50] 


structural  characteristics  and  integrated  functions  will  attract  increasing  research 
interest  and  could  lead  to  new  opportunities  in  biomedical  applications  [20] . 


3    Metal  Nanoparticles 

Nanoparticles  can  be  composed  of  any  substance,  including  metals  [21,  22], 
semiconductors  [23,  24],  core-shell  composite  architectures  [25-27],  and  organic 
polymers  [28].  These  particles  often  display  properties  intermediate  between 
quantum  and  bulk  materials  because  of  their  intermediate  size  [29]  and  large 
surface  area  to  volume  ratio  [30].  Nanoparticle  of  different  sizes  and  shapes  exhibit 
different  absorbance  and  fluorescence  features  and  reveal  polymerization  effects 
[31].  Some  of  the  characteristics  of  metallic  nanoparticles  are  shown  in  Table  1. 

Several  types  of  NPs  have  been  employed  for  various  applications.  We  have 
emphasized  three  types  of  functionalized  metal  nanoparticles,  i.e.,  gold,  iron  oxide, 
and  silica  nanoparticles. 


3.1    Gold  Nanoparticles 

Functionalized  gold  nanoparticles  (GNPs)  have  been  the  subject  of  intense  research 
during  the  past  decade  due  to  their  potential  applications  in  gene  delivery,  drug 
delivery,  sensing,  imaging,  and  chemotherapy  [51-55].  Mostly,  GNPs  are  used  for 
biomedical  application  because  of  their  very  good  oxidation  resistance,  easy  synthe- 
sis and  optical  properties.  The  ultimate  goal  in  functionalization  is  to  preserve  the 
properties  of  both  the  GNP  and  the  bound  biological  molecule.  In  other  words,  the 
biological  molecule  should  be  stable  and  able  to  retain  its  biorecognition  properties, 
and  the  GNPs  should  be  able  to  retain  their  unique  properties  such  as  strong  plasmon 
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Table  2  Preparation  of  functional  GNPs  by  various  workers  and  their  observations 


Preparation  method 


Observations 


References 


GNPs  reduced  and  stabilized  by 
citrate  have  a  negative  surface 
charge  and  preferentially  bind 
to  thiol,  amine,  cyanide,  or 
diphenylphosphine  functional 
groups 

Fluorescent  3D  superlattices  of 
dansyl  glutathione -protected 
GNPs,  with  potential  applications 
in  molecular  detection 


GNP/CNT  hybrid  platform  with 
horseradish  peroxidase- 
functionalized  GNP  label  for 
sensitive  detection  of  human 
IgG  as  a  model  protein 


Rapid  and  sensitive  colorimetric 

2+ 

sensor  for  the  detection  of  Hg 
using  L-cysteine-functionalized 
GNPs  induced  by  ultraviolet 
radiation 


Charge-reversal  functional  GNPs 
prepared  by  layer-by-layer 
technique 


Functionalized  GNPs  with  branched 
2  kDa  polyethyleneimine  (PEI) 
for  transfection  vectors 


Edakkattuparambil 
et  al.  [59] 


Cui  et  al.  [60] 


Binding  via  a-amino  groups  at  low     Zhong  et  al.  [58] 
pH  and  suppressed  at  neutral  and 
high  pH,  due  to  electrostatic 
repulsion  between  the  surface  of 
gold  and  the  charged  carboxyl 
groups 

Functional  nanoparticle-based  solids 

make  it  possible  to  use  them  in 

novel  applications  like  selective 

detection  of  bovine  serum 

albumin  (BSA)  based  on  the 

selective  binding  of  the 

naphthalene  ring  of  the  dansyl 

moiety  with  site  I  of  BSA 
This  approach  provided  a  linear 

response  range  between  0.125 

and  80  ng/mL,  with  a  detection 

limit  of  40  pg/mL  and  showed 

good  precision,  with  acceptable 

stability  and  reproducibility. 

Used  for  the  detection  of  human 

IgG  in  real  samples,  which 

provides  a  potential  alternative 

tool  for  the  detection  of  protein  in 

the  clinical  laboratory 
The  L-cysteine-modified  GNPs 

aggregate  quickly  in  the  presence 

2+ 

of  Hg   .  Functionalized  GNPs 
can  be  used  for  delivery  of 
various  payloads  into  cells,  such 
as  small  drug  molecules  or  large 
biomolecules  like  DNA  and 
siRNA 

To  deliver  small  interfering  RNA 

(siRNA)  and  plasmid  DNA  into 

cancer  cells.  Polyacrylamide  gel 

electrophoresis  measurements  of 

siRNA  confirmed  the  occurrence 

of  the  charge-reversal  property  of 

functional  GNPs 
The  transfection  efficiency  into 

monkey  kidney  (Cos-7)  cells 

varied  with  the  PEI: gold  molar 

ratio  in  the  conjugates.  The  study 

indicates  that  increasing  the 

hydrophobicity  of  the 

transfection  agent  enhances 

cellular  internalization.  Positively 

charged  synthetic  materials  are 

widely  used  as  transfection 

vectors 


Chai  et  al.  [61] 


Guo  et  al.  [62] 


Klibanov  et  al.  [63] 


(continued) 
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Table  2  (continued) 


Preparation  method 


Observations 


References 


GNPs  functionalized  with  single- 
stranded  oligodeoxy  nucleotides 
for  gene  therapy 


GNPs  coated  with  a  short  peptide  to 
promote  intracellular  delivery  of 
membrane-impermeable  proteins 


Incubating  cells  with  fluorophore- 
labeled  DNA  conjugated  to 
nanoparticles  resulted  in  efficient 
uptake  of  the  particles.  Protein 
expression  was  controlled  by 
conjugation  of  antisense  DNA 
with  GNPs.  EGFP-expressing 
CI 66  cells  incubated  with 
antisense  DNA-functionalized 
nanoparticles  (ASNP)  resulted  in 
reduction  of  fluorescence 
intensity  in  cells  incubated  with 
ASNP 

Microscopy  and  enzyme  assays 
showed  that  the  particles  were 
able  to  transport  functional 
enzymes  into  a  variety  of  cell 
lines.  Significantly,  the 
transported  proteins  were  able  to 
escape  from  endosomes  and  the 
particles  showed  no  apparent 
cytotoxicity 


Mirkin  et  al.  [64] 


Ghosh  et  al.  [65] 


absorption  bands  [56],  light  scattering  [57],  etc.  For  biomedical  applications,  surface- 
functionalization  of  GNPs  is  essential  in  order  to  target  them  to  specific  disease  areas 
and  allow  them  to  selectively  interact  with  cells  or  biological  molecules.  In  general, 
functionalization  of  GNPs  can  be  performed  by  using  either  chemical  functional 
groups  or  biological  molecules.  Colloidal  GNPs  are  normally  stabilized  against 
aggregation  by  using  long  hydrocarbon  ligand  chains  consisting  of  various  functional 
groups.  Table  2  describes  the  preparation  and  evaluation  of  functional  GNPs  by 
various  workers. 

It  has  also  been  seen  that  two  nanomaterials  can  be  functionalized  with  each 
other.  One  example  is  the  synthesis  of  fullerene  (C60) -functionalized  GNPs  by  the 
coupling  of  the  fullerene  molecules  with  peripheral  amine  moieties  on  the  particle 
surface  [66].  On  the  other  hand,  GNPs  were  selectively  attached  to  chemically 
functionalized  surface  sites  on  nitrogen-doped  carbon  nanotubes.  A  cationic  poly- 
electrolyte  was  adsorbed  on  the  surface  of  the  nanotubes  by  electrostatic  interaction 
between  carboxyl  groups  on  the  chemically  oxidized  nanotube  surface  and  poly- 
electrolyte  chains. 

Functional  gold  nanomaterials  have  been  used  for  various  types  of  biolabeling 
and  life-related  molecular  diagnostics  due  to  their  unique  optical,  catalytic,  and 
biocompatible  properties.  Recently,  attention  has  been  paid  to  chemiluminescent 
functionalized  gold  nanomaterials  as  bioprobes  for  bioassays  [67]. 
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3.1.1    GNPs  in  Polymers 

The  use  of  various  functionalized  polymers  as  stabilizers  in  the  design  of  metal 
core-organic  shell  hybrid  nanoparticles  architectures  has  attracted  increasing  inter- 
est for  different  applications.  Polymer  chemistry  allows  for  many  variations, 
whereby  polymeric  nanoparticles  can  be  easily  manipulated  without  the  loss 
of  their  desired  physical,  chemical,  and  biological  properties.  The  conjugation  of 
GNPs  with  functional  polymer  is  the  first  step  towards  fabricating  functional  gold 
nanocomposites.  Many  investigations  involving  the  fabrication  of  GNPs 
functionalized  with  polymer  have  been  reported,  such  as  "grafting  from"  fabrication 
(Table  3),  "grafting  to"  fabrication  (Table  4),  and  post-modification. 

Chemically  bonded  scaffolds  are  superior  to  physically  adsorbed  scaffolds  in 
terms  of  the  robustness  of  the  resulting  gold  nanocomposites.  Although  most 
polymers  introduced  by  the  "grafting  from"  method  are  artificial  polymers  [80, 
81],  representative  biopolymers  such  as  oligonucleotides  and  peptides  can  also  be 
introduced. 

A  marked  advantage  of  the  covalent  "grafting  to"  technique  is  the  possibility  of 
achieving  a  high  surface  graft  density  of  polymer  brush  on  the  GNP  surface. 


3.1.2  Post-modification 

Conjugation  of  as-prepared  GNPs  with  as-prepared  polymers  is  the  most  common 
and  simplest  method  for  preparing  gold  nanocomposites  because  mixing  of  the  as- 
prepared  materials  can  eliminate  uncertainty  factors  such  as  the  dispersion  of  GNP 
size  and  molecular  weight. 


3.2    Iron  Oxide  Nanoparticles 

Iron-oxide  nanoparticles  (IONPs)  represent  a  significant  class  of  inorganic 
nanomaterial  that  is  contributing  to  the  current  revolution  in  nanomedicine  [82, 
83].  Their  unique  physical  properties,  including  high  surface  area  to  volume  ratios 
and  superparamagnetism,  confer  useful  attributes  for  medical  applications  such  as 
magnetic  resonance  imaging  (MRI),  drug  and  gene  delivery,  tissue  engineering,  and 
bioseparation  [84].  Superparamagnetic  iron-oxide  nanoparticles  (SPIONs)  have 
been  prepared  with  a  mean  particle  diameter  of  50-100  nm,  and  ultrasmall 
superparamagnetic  iron-oxide  nanoparticles  (USPIONs)  with  a  size  below  50  nm. 
These  two  classes  of  IONPs  have  been  studied  widely  for  medical  applications, 
particularly  as  the  next  (potential)  generation  of  MRI  contrast  agents.  They  are  also 
seen  as  potential  vectors  for  drug  and  gene  delivery.  The  biodistribution  of  these 
nanoparticles  can  be  altered  by  the  application  of  an  external  magnetic  field;  they 
also  have  potential  applications  in  hyperthermia  therapy  because  some  magnetic 
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Table  3  "Grafting  from"  fabrication  of  GNPs  in  polymers 


Preparation  method 


Observations 


References 


Derivatization  of  tiopronin-protected 
GNPs  with  ethylenediamine  and  bis 
(3-aminopropyl)-terminated  PEG 
and  their  functionalization  with  the 
GRGDSP  peptide  sequence 

Water-soluble  thioether  polymers 
introduced  as  attractive  ligands  to 
produce  monodisperse 
nanoparticles  in  aqueous  media 


Facile  preparation  of  size-controlled 
GNPs  using  versatile  and  end- 
functionalized  thioether  polymer 
ligands 


Core-shell  GNPs  and  a  slightly 
crosslinked  poly(AMsopropyl 
acrylamide)  hybrid 


Particles  subsequently  tested  in  vitro 
with  a  human  fibroblast  cell  line  to 
determine  the  biocompatibility  and 
the  cell-particle  interactions,  using 
fluorescence  and  scanning  electron 
microscopies 

A  very  useful  system  for  restricting  the 
size  distribution  and  for  facile 
functionalization  with  other  ligands 
for  a  variety  of  applications.  This 
technique  was  successful  in  the 
preparation  of  monodisperse 
fluorescent  GNPs  with  diameters  of 
1.1—1.7  nm 

Multidentate  thioether  polymeric 
ligands  (PTMP-PVAc)  lead  to 
formation  of  smaller  but  special 
"multimer"  morphology  in  the 
organic  phase.  Fairly  uniform 
nanoparticles  were  produced  using 
monodentate  thioether 
functionalized  ligands 
(DDT-PVAc).  Further  modification 
of  such  polymer  ligands  to 
introduce  hydrophilic 
functionalities  results  in  the  phase 
transfer  of  GNPs  from  organic  to 
aqueous  media.  Hybrids  are  used  to 
trap  and  encapsulate  other 
nanoparticles,  biomolecules,  dyes, 
or  drugs  by  a  temperature- 
introduced  "breathing"  process. 
Fabrication  of  pH-responsive 
nanocomposites  of  GNPs  and  poly 
(4-vinylpyridine)  are  used  as  smart 
supports  to  entrap  transition  metal 
ions.  The  ions  were  reduced  in  situ 
to  construct  novel  bimetallic 
nanocomposites,  regarded  as 
intelligent  catalysts  with  activity 
regulated  by  environmental  stimuli 

Water-soluble  GNPs  carry  primary 
amino  groups  at  the  solvent- 
exposed  interface  that  are  used  for 
further  conjugation  of  biologically 
active  molecules 


De  la  Fuente 
et  al.  [68] 


Wang  et  al. 
[69]  and 
Baker  et  al. 
[70] 


Haung  et  al. 
[71] 


Li  et  al.  [72] 


(continued) 
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Table  3  (continued) 


Preparation  method 


Observations 


References 


Quantification  and  reactivity  of 

functional  groups  in  the  ligand  shell 
of  PEGylated  GNPs  via  a 
fluorescence-based  assay 


Thermoresponsive  polymer  brushes  on 
20  nm  colloidal  gold  formed 
through  ATRP  of  AMsopropyl 
acrylamide  in  aqueous  media 

End-functionalized  3D  self- assembled 
monolayers  (SAMs)  on  GNPs  by 
living  cationic  ring-opening 
polymerization  reaction  directly  on 
GNP  surfaces 


Preparation  of  hydrogels  through  the 
chemical  cros  slinking  of  poly  (vinyl 
alcohol)  (PVA)  and  functionalized 
GNPs 


The  "grafting  from"  technique  used 
with  atom  transfer  free -radical 
polymerization  (ATRP)  to  grow 
polymer  chains  from  the  surface  of 
GNPs  (~20  nm)  enables  dense, 
uniform,  and  homogeneous 
coverage  of  polymer  chains  on  the 
surface  of  GNPs.  Other  advantages 
like  growth  of  polymer  chains 
without  appreciable  chain 
termination  or  chain  transfer,  and 
the  presence  of  an  active  initiator 
site  at  the  end  of  the  growing 
polymer  chain,  facilitates  synthesis 
of  surface-grafted  block 
copolymers 

The  system  was  found  to  exhibit 
thermoresponsive  behavior  above 
and  below  the  LCST 

Dense  polymer  brushes  were  prepared 
in  a  "one -pot  multistep"  reaction. 
Gold/polymer  nanocompo sites 
were  very  stable,  "brush-type" 
shells  of  linear  macromolecules  and 
terminal  mesogen  prepared  by 
means  of  a  quantitative  termination 
reaction.  The  result  was  an 
amphiphilic  core-shell  material 
with  a  well-defined 
hydrophilic-lipophilic  balance 

Carboxylic  group-functionalized  GNPs 
were  synthesized,  dispersed  in  a 
PVA  matrix,  and  allowed  to  react 
with  the  hydroxyl  groups  of  PVA  at 
high  temperature 


Maus  et  al. 
[73] 


Chakraborty 
et  al.  [74] 


Jordan  et  al. 
[75] 


Moreno  et  al. 
[76] 


particles  can  heat  up  under  the  influence  of  a  localized  high-frequency  magnetic 
field. 

There  are  many  chemical  methods  that  can  be  used  to  synthesize  magnetic 
nanoparticles  for  biomedical  applications,  i.e.,  microemulsification  [85],  sol-gel 
syntheses  [86],  sonochemical  reactions  [87],  hydrothermal  reactions  [88],  hydrolysis 
and  thermolysis  of  precursors  [89],  flow  injection  syntheses  [90],  and  electrospray 
syntheses  [91]. 

Biofunctionalization  of  IONPs  with  biological  molecules  is  an  alternative 
functionalization  approach,  which  displays  unique  characteristics.  Biofunctionalized 
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Table  4  "Grafting  to"  fabrication  of  GNPs  in  polymers 


Preparation  method 


Observations 


References 


Post-modification  route  for  preparation 
of  smart  hybrid  GNPs  with  poly 
(4-vinylpyridine)  (P4VP)  based  on 
RAFT  and  click  chemistry 


A  sensitive  mediatorless  sensor  of 
H202.  Gold  electrode  was 
immersed  in  thiol-functionalized 
poly(styrene-c6>-acrylic  acid) 
(St-coAA)  nanosphere  latex 
prepared  by  emulsifier-free 
emulsion  polymerization  of  St  with 
AA  and  functionalized  with 
dithioglycol  to  assemble  the 
nanospheres.  Then,  GNPs  were 
chemisorbed  onto  the  thiol  groups 
and  formed  monolayers  on  the 
surface  of  poly(St-coAA) 
nanospheres.  Finally,  horseradish 
peroxidase  was  immobilized  on  the 
surface  of  the  GNPs 

Polymer  terminated  by  2-(2,4- 

dinitrophenylsulfanyl)  ethanol  was 
synthesized  by  ring-opening  bulk 
polymerization  of  e-caprolactone 
initiated  by  the  reaction  product  of 
aluminum  isopropoxide  and 
2-(2,4-dinitrophenylsulfenyl) 
ethanol 


A  new  azide-terminated  ligand  was 
first  synthesized  to  modify  GNPs 
by  ligand  exchange  reaction,  and 
then  click  reaction  used  to  graft 
alkyne-terminated  P4VP,  which 
was  prepared  by  RAFT,  onto  the 
surface  of  GNPs 

The  sensor  displayed  an  excellent 
electrocatalytical  response  to 
reduction  of  H202  without  the  aid 
of  an  electron  mediator 


Zhang  et  al.  [77] 


Xu  et  al.  [78] 


The  corresponding  thiolyated  PCL  was  Aryal  et  al.  [79] 
obtained  after  removal  of  the 
protecting  group  under  slightly 
basic  conditions.  A  decrease  in 
polydispersity  after  deprotection 
was  observed.  PCLS-H  was  grafted 
to  the  GNPs  either  by  direct 
incorporation  or  ligand  exchange 
with  the  existing  undecanethiol  on 
the  GNPs 


IONPs  have  unique  interaction  with  biological  entities  and  magnetic  nanoparticles, 
assisted  by  biological  recognition  elements  attached  to  their  surface,  can  access  the 
target  specifically.  Methods  of  preparation  for  functional  IONPs  are  enumerated  in 
Table  5. 


3.2.1    Iron  Oxide  Nanoparticles  in  Polymers 

The  preparation  of  wholly  organic  polymeric  materials  possessing  high  magnetic 
movements  and  susceptibilities  comparable  to  inorganic  systems  remains  a  chal- 
lenge. To  overcome  this  inherent  problem,  the  synthesis  of  composites  combining 
organic  polymers  and  inorganic  magnetic  particles  has  been  conducted  to  prepare 
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Table  5  Preparation  of  functional  iron-based  nanoparticles 


Preparation  method 


Observations 


References 


Production  of  IONPs,  ranging  from  iron 
oxide  to  iron  and  iron  carbide,  was 
carried  out  by  systematically 
modifying  the  degree  of  reduction 
during  flame  spray  synthesis  under  a 
controlled  atmosphere 


Biocompatible,  hydrophilic, 

magnetofluorescent  nanoparticles 
with  surface-pendant  amine, 
carboxyl,  and  aldehyde  groups  were 
designed  by  using  O-carboxymethyl 
chitosan  (OCMC) 


Immobilization  of  BSA  on  surface- 
modified  SPIONs  was  performed  by 
two  different  double-step 
immobilization  approaches.  The  first 
approach  consists  of  preparation  of 
SPIONs  by  controlled  chemical  co- 
precipitation  in  the  presence  of  BSA 
solution.  The  second  approach 
includes  preliminary  surface 
modification  of  SPIONs  with  an 
amine  group  using  a  coupling  agent 
of  3-aminepropyltrimethoxysilane 


At  a  laboratory  scale,  continuous 
production  yields  iron-based 
particles  of  20-50  nm  at  a 
production  rate  of  >10  g/h.  Carbon- 
encapsulated  iron  carbide  (C/Fe3C) 
combines  exceptionally  high 
saturation  magnetization  (140  emu/ 
g),  air  stability  (up  to  200°  C),  and 
resistance  against  acidic  dissolution 
(1  week  in  24%  HQ).  Top  graphene- 
like  carbon  layer  can  be  covalently 
functionalized  with  various  linkers 
to  chemically  design  the  particle 
surface 

The  free  amine  groups  of  OCM- 
stabilized  magnetite  nanoparticles 
on  the  surface  allow  covalent 
attachment  of  a  fluorescent  dye, 
rhodamine  isothiocyanate,  to 
develop  a  magnetofluorescent 
nanoprobe  for  optical  imaging.  In 
order  to  impart  specific  cancer  cell 
targeting  properties,  folic  acid  and 
its  aminated  derivative  can  be 
conjugated  onto  these 
magnetofluorescent  nanoparticles. 
The  potential  of  these 
nanoconjugates  as  T2-weighted 
negative  contrast  MRI  agent  was 
evaluated  in  folate-overexpressed 
HeLa  and  normal  L929  fibroblast 
cells 

Both  procedures  were  followed  by  EDC 
hydrochloride  activation,  with 
sequential  immobilization  of  the 
layer  of  BSA.  TEM  shows  that  the 
particle  size  varies  in  the  range 
10-15  nm  and  does  not  change 
significantly  after  the  coating 
process.  In  vitro  tests  performed 
after  the  functionalization  of 
SPIONs  with  L-aspartic  acid  (LAA) 
and  BSA.  BSA-coated  SPIONs 
incubated  with  cells  demonstrated  a 
cell  response  similar  to  that  of 
control  cells,  with  no  adverse  cell 
damage  and  no  endocytosis,  whereas 
LAA-coated  SPIONs  show  partial 
endocytosis  without  cytoskeletal 
disorganization 


Herrmann 
et  al.  [92] 


Bhattacharya 
et  al.  [93] 


Mikhaylova 
et  al.  [94] 
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Table  5  (continued) 


Preparation  method 


Observations 


References 


Simple  one-pot  strategy  was  used  to 
prepare  surface-functionalized, 
water-dispersible  IONPs.  Small 
organic  molecules  that  required 
functional  groups  such  as  amines, 
carboxylics,  and  thiols  as  capping 
agents  were  injected  into  the 
reaction  medium  at  the  end  of  the 
synthesis 


Design  of  smart  MRI  contrast  agent 
based  on  SPIONs  and  aptamers  is 
described  for  the  detection  of  human 
a-thrombin  protein 


Preparation  and  characterization  of  new 
magnetic  fluorescent  nanoparticles 
(Fe203)  to  label  living  cells 


A  successful  surface  modification  of 
IONPs  with  selected  functionalities 
was  studied.  The  functionalized 
nanoparticles  were  very  stable  and 
mostly  present  as  individual  units  in 
buffer  solutions.  The  pedant 
functional  groups  of  the  capping 
ligand  molecules  were  very  reactive, 
and  their  availabilities  investigated 
by  covalently  linking  fluorescent 
dyes  to  the  nanoparticles  through  the 
cros slinking  of  EDC  hydrochloride. 
The  quenched  quantum  yield  and 
shortened  lifetime  of  the  dyes 
strongly  indicated  a  direct  bonding 
between  the  functional  group  of  the 
nanoparticles  and  the  fluorescent 
molecules 

The  contrast  agent  was  based  on  the 
assembly  of  aptamer-functionalized 
nanoparticles  in  the  presence  of 
thrombin.  A  detectable  change  in 
MRI  signal  was  observed  with 
25  nM  thrombin  in  human  serum. 
Changes  were  not  observed  with 
control  analytes,  streptavidin,  or 
BSA,  nor  with  inactive  aptamer- 
functionalized  nanoparticles 

Bifunctional  magnetic  nanoparticles 
were  prepared,  each  particle 
consisting  of  a  magnetic  oxide  core 
(Fe203)  covered  by  a 
dimercaptosuccinic  acid  (DMSA) 
ligand  and  a  covalently  bonded 
fluorescent  dye  as  a  surface 
modification.  The  technique  attaches 
biological  entities  (proteins,  DNA, 
and  enzymes)  to  synthetic  materials 
to  biofunctionalize  IONPs 


Qu  et  al.  [95] 


Yigit  et  al. 
[96] 


Bertorelle 
et  al.  [97] 


hybrid  materials  with  modular  organic  composition  and  functionality.  Several 
methods  have  been  developed  to  modify  the  magnetite  nanoparticles.  The  most 
commonly  used  method  is  to  encapsulate  magnetic  nanoparticles  in  a  polymeric 
matrix,  such  as  polylactic  acid  (PLA)  or  polylactic-co-glycolic  acid  (PLGA) 
microspheres  [98],  Therefore,  many  approaches  have  been  focused  on  the  encapsu- 
lation of  magnetic  nanoparticles  with  biocompatible  materials  such  as  dextran, 
chitosan,  gelatin,  poly(ethylene  glycol)  (PEG),  PLGA,  poly(D,L-lactide)  (PLA), 
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Table  6  Use  of  iron  oxide  nanoparticles  in  a  polymer  matrix 


Work  and  observations 


Findings 


References 


Maghemite  (Y-Fe203)  magnetic 

nanoparticles  (MNPs)  coated  with 
poly(3-thiopheneacetic  acid)  were 
prepared  by  an  oxidative 
polymerization  method  using 
KMn04.  IONPs  with  a  size  range  of 
10-20  nm  were  also  prepared  by 
modified  controlled  chemical 
co-precipitation  from  a  ferrous/ 
ferric  mixed  salt  solution  in  alkaline 
medium  and  the  IONPs  covalently 
modified  by  biodegradable  polymers 
such  as  PEG  and  poly(ethylene 
glycol)-c<9-poly(D,L-lactide)  (PELA) 

A  series  of  ethylenediamine  (EDA)- 
functionalized  magnetic  polymers 
were  prepared  via  suspension 
polymerization  using  varying 
amounts  of  the  functional  monomer 
glycidyl  methacrylate  during  the 
suspension  polymerization 

Surfaces  of  MNPs  were  coated  with 
(3-aminopropyl)  triethoxysilane 
(APTES)  by  a  silanization  reaction 
and  then  linked  with  PEG  diacid  via 
the  reaction  between  -NH2  and 
-COOH  to  form  well-dispersed 
surface-functionalized 
biocompatible  MNPs 


Chemical  synthesis  and  in  vitro  drug 
delivery  response  of  PEG- 
functionalized  MNPs,  activated  with 
a  stable  ligand,  folic  acid,  and 
conjugated  with  an  anticancer  drug, 
doxorubicin 


Synthesis  of  poly(Af-isopropyl 

acrylamide-acrylamide-allylamine)- 
coated  MNPs  using  silane-coated 
MNPs  as  a  template  for 
radical  polymerization  of 
AMsopropylacrylamide,  acrylamide, 
and  allylamine 


Used  as  an  immobilization  matrix  for     Lu  et  al.  [99] 
the  fabrication  of  a  solid-state  tris 
(2,2-bipyridyl)ruthenium(II) 
(Ru(bpy)  )3  electrogenerated 
chemiluminescence  (ECL)  sensor. 
The  poly(3-thiopheneacetic 
acid)-coated  MNPs  formed  clusters 
with  average  diameter  of 
200-500  nm.  The  multilayer  films  of 
poly(3-thiopheneacetic  acid)-coated 
MNPs  were  uniformly  formed  on  the 
surface  of  a  Pt  electrode  using  an 
external  magnet 


EDA-functionalized  Fe304  magnetic 
polymers  for  removal  of  Cr(VI)  in 
wastewater 


Yong-Gang 
et  al. 
[100] 


The  magnetite  (Fe304)  nanoparticles 
were  coated  with  PEG  diacid  via 
covalent  bonds  prepared  for  MRI. 
Experimental  results  imply  that  PEG 
diacid  was  covalently  modified  on 
the  surface  of  the  MNPs  via  at  least 
one  of  their  carboxylic  groups, 
leaving  the  second  carboxylic  group 
available  for  further  chemical 
reaction 

Functionalization  and  conjugation  steps 
in  the  chemical  synthesis  confirmed 
the  drug-release  behavior  of 
PEG-functionalized  and  folic 
acid-doxorubicin-conjugated 
MNPs,  characterized  by  two  stages 
involving  an  initial  rapid  release, 
followed  by  a  controlled  release 

Properties  of  nanoparticles  such  as  size, 
biocompatibility,  drug  loading 
efficiency,  and  drug  release  kinetics 
were  evaluated  in  vitro  for  targeted 
and  controlled  drug  delivery 


Zhang  et  al. 
[101] 


Rahimi  et  al. 
[102] 
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and  poly(glycolide)  (PGA)  because  these  materials  have  biocompatible  and  biode- 
gradable properties  as  well  as  low  toxicity.  Table  6  describes  the  use  of  IONPs  in  a 
polymer  matrix. 


3.3    Silica  Nanoparticles 

Silica  nanoparticles  have  been  widely  used  as  fillers  in  the  manufacture  of  coatings 
[103],  rubber  [104],  plastics  [105],  binders  [106],  functional  fibers  [107],  etc.  In 
recent  years,  the  preparation  of  organic-inorganic  hybrid  materials  composed  of 
polymers  and  functionalized  silica  nanoparticles  has  been  widely  investigated.  The 
combination  of  organic  polymer  components  with  nanometer- sized  silica  fillers  in  a 
single  material  has  extraordinary  significance  for  the  development  of  hybrid 
materials  with  unique  properties. 

Recently,  the  straightforward  synthesis  and  easy  modification  of  silica 
nanoparticles  has  been  demonstrated,  making  them  well  suitable  for  biomedical 
applications  such  as  bioseparation,  cell  recognition,  bacterium  and  DNA  detection, 
gene  delivery,  and  so  on.  Silica  nanoparticles  are  biologically  inert,  have  very  low 
toxicity,  and  are  amenable  to  surface  functionalization  with  a  wide  variety  of 
molecules  and  functional  groups  [108-111].  In  Table  7,  the  synthetic  methods  for 
preparation  of  silica  nanoparticles  in  polymers  are  shown. 


3.4    Carbon-Based  Nanomaterials 

3.4.1    Carbon  Nanotubes 

Among  all  the  carbon  nanostructures  (e.g.,  fullerene  and  graphene),  the  carbon 
nanotubes  (CNTs)  are  probably  the  most  studied  and  used  in  different  applications. 
CNTs  can  be  classified  according  to  their  superstructures  into  two  types: 
(a)  multiwalled  carbon  nanotubes  (MWCNTs)  or  double-walled  carbon  nanotubes 
[126],  which  are  composed  of  multiple  layers  of  concentric  cylinders  with  a  spacing 
of  about  0.34  nm  between  the  adjacent  layers;  and  (b)  single- walled  carbon 
nanotubes  (SWCNTs),  which  consists  of  single  layers  of  graphene  sheets  seam- 
lessly rolled  into  cylindrical  tubes. 

CNTs  are  very  difficult  to  dissolve  or  disperse  in  most  organic  or  aqueous 
solutions.  Thus,  it  is  necessary  to  modify  or  functionalize  CNTs.  The  functiona- 
lization of  CNTs  can  be  carried  out  by  covalent  functionalization  or  by  noncovalent 
functionalization. 

Meso-meso  linked  diporphyrins  ([H2Por]2)  covalently  functionalized  soluble 
single-walled  carbon  nanotubes  ([H2Por]2-SWCNTs)  have  been  successfully 
prepared  [127].  As  a  light-harvesting  chromophore,  meso-meso  linked  dipor- 
phyrins have  been  incorporated  into  a  photosynthetic  electron-transfer  model  with 
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Table  7  Synthesis  of  silica  nanoparticles  in  polymers 


Preparation  method 


Experimental  details  and  findings 


References 


Synthesis  and  characterization  of  a  new 
NO-releasing  scaffold  prepared 
from  amine-functionalized  silica 
nanoparticles 


Size-tunable  silica  crosslinked  micellar 
core-shell  nanoparticles 
(SCMCSNs)  from  a  Pluronic 
nonionic  surfactant  (F127)  template 
system  with  organic  swelling  agents 
such  as  1,3,5-trimethylbenzene 
(TMB)  and  octanoic  acid  at  room 
temperature 


Novel  nanformulation  of  a 

photosensitizer  for  photodynamic 
therapy  (PDT)  of  cancer,  whereby 
the  photosensitizer  molecules  are 
covalently  incorporated  into 
organically  modified  silica 
(ORMOSIL)  nanoparticles 


Inorganic-organic  hybrid  silica  was 
prepared  via  co-condensation  of 
tetraethoxy-  or  tetramethoxysilane 
(TEOS  or  TMOS)  and 
aminoalkoxysilane  with  appropriate 
amounts  of  ethanol  (or  methanol), 
water,  and  ammonia.  The  amine 
functional  groups  in  the  silica  were 
converted  to  Af-diazeniumdiolate 
NO  donors  via  exposure  to  high 
pressures  of  NO  (5  atm)  under  basic 
conditions.  Control  over  both  the 
structure  and  concentration  of  the 
silane  precursors  (i.e.,  tetraalkoxy- 
and  aminoalkoxysilanes)  and 
specific  synthetic  conditions 
allowed  for  the  preparation  of  NO 
donor  silica  particles  of  widely 
varying  sizes  (20-500  nm),  NO 
pay  loads  (50-1,780  nmol/mg), 
maximum  amounts  of  NO  released 
(10-5,500  ppb/mg),  half-lives 
(0.1-12  h),  and  NO  release 
durations  (up  to  30  h) 

Size  and  morphology  of  SCMCSNs 
was  directly  evidenced  by  TEM 
imaging  and  DLS  measurements 
(up  to  ~90  nm).  Pyrene  and 
coumarin  153  were  used  as 
fluorescent  probe  molecules  to 
investigate  the  effect  and  location  of 
swelling  agent  molecules. 
Papaverine  as  a  model  drug  was 
used  to  measure  the  loading 
capacity  and  release  property  of 
nanoparticles.  The  swelling  agents 
can  enlarge  the  nanoparticle  size 
and  improve  the  drug  loading 
capacity  of  nanoparticles. 
Moreover,  the  carboxylic  acid 
group  of  fatty  acids  adjusts  the 
release  behavior  of  the 
nanoparticles 

The  covalently  incorporated 

photosensitizer  molecules  retained 
spectroscopic  and  functional 
properties  and  robustly  generated 
cytotoxic  singlet  oxygen  molecules 
upon  photoirradiation.  The 
synthesized  nanoparticles  of 
ultralow  size  (20  nm)  were  highly 


Shin  et  al. 
[112] 


Chi  etal.  [113] 


Ohulchanskyy 
[114] 
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Table  7  (continued) 


Preparation  method 


Experimental  details  and  findings 


References 


Uniformly  sized  silica-coated  magnetic 
nanoparticles  (magnetite- silica) 
synthesized  in  a  simple  one -pot 
process  using  reverse  micelles  as 
nanoreactors 


Preparation,  characterization,  and 
application  of  magnetic  silica 
nanoparticle-functionalized 
MWCNTs 


monodispersed  and  stable  in 
aqueous  suspension.  The  advantage 
offered  by  this  covalently  linked 
nanofabrication  is  that  the  drug  is 
not  released  during  systemic 
circulation.  These  nanoparticles  are 
also  avidly  uptaken  by  tumor  cells 
in  vitro  and  demonstrate  phototoxic 
action,  thereby  highlighting  their 
potential  in  diagnosis  and  PDT  of 
cancer 

Core  diameter  of  the  magnetic 

nanoparticles  is  easily  controlled  by 
adjusting  the  ratio  of  polar  solvent 
to  surfactant  concentrations  in  the 
reverse-micelle  solution.  The 
thickness  of  the  silica  shell  is  easily 
controlled  by  varying  the  amount  of 
tetraethyl  orthosilicate  added  after 
synthesis  of  the  magnetite  cores. 
Several  grams  of  monodisperse 
magnetite- silica  nanoparticles  can 
be  synthesized  without  going 
through  any  size- selection  process. 
When  crosslinked,  enzyme 
molecules  form  clusters  on  the 
surfaces  of  the  magnetite-silica 
nanoparticles  and  the  resulting 
hybrid  composites  are  magnetically 
separable,  highly  active,  and  stable 
under  harsh  shaking  conditions  for 
more  than  15  days.  Conversely, 
covalently  attached  enzymes  on  the 
surface  of  the  magnetite-silica 
nanoparticles  are  deactivated  under 
the  same  conditions.  Used  for  the 
convenient,  rapid,  and  efficient 
separation  of  trace  aromatic 
compounds 

Pyrene,  a  fluorophore  that  displays 
excimer  emission  specifically  at 
higher  density/concentration  was 
chosen  for  highlighting  the  fidelity 
of  surface  functionalization.  The 
UV-visible  absorbance  of  the 
pyrene  chromophore  capping  the 
nanoparticle  was  used  to  determine 
the  amount  of  pyrene  units  present 
on  the  surface  of  silica 
nanoparticles 


Lee  et  al.  [115] 


Deng  et  al. 
[116] 


(continued) 
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Table  7  (continued) 


Preparation  method 


Experimental  details  and  findings 


References 


Tuning  the  surface  functionality  of 
silica  nanoparticles  through  a 
"click"  chemistry-based  protocol 


Design  of  nanoparticle  surfaces  for 
optimum  balance  of  the  use  of  inert 
and  active  surface  functional  groups 
to  achieve  minimal  nanoparticle 
aggregation  and  reduce 
nanoparticle  nonspecific  binding. 
Silica  nanoparticles  were  prepared 
in  a  water-in-oil  microemulsion  and 
subsequently  surface-modified  via 
co-hydrolysis  with 
tetraethylorthosilicate  (TEOS)  and 
various  organosilane  reagents. 
Nanoparticles  were  produced  with 
different  functional  groups, 
including  carboxylate,  amine, 
amine/phosphonate,  PEG, 
octadecyl,  and  carboxylate/ 
octadecyl  groups 

Preparation  of  a  hybrid  material 

consisting  of  various  sizes  of  silica 
nanoparticles  with  MWCNTs 


Aggregation  studies,  using  SEM,  DLS, 
and  zeta  potential  analysis,  indicate 
that  severe  aggregation  between 
amine-modified  silica  nanoparticles 
can  be  reduced  by  adding  inert 
functional  groups,  such  as  methyl 
phosphonate,  to  the  surface 

To  determine  the  effect  of  various 
surface  modification  schemes  on 
nanoparticle  nonspecific  binding, 
the  interaction  between 
functionalized  silica  nanoparticles 
and  a  DNA  chip  was  studied  using 
confocal  imaging  and  fluorescence 
microscopy.  Dye-doped  silica 
nanoparticles  functionalized  with 
octadecyl  and  carboxylate  groups 
showed  minimal  nonspecific 
binding.  Using  these  surface 
modification  schemes,  fluorescent 
dye-doped  silica  nanoparticles  more 
readily  conjugated  with 
biomolecules  and  were  used  as 
highly  fluorescent,  sensitive,  and 
reproducible  labels  in  bioanalytical 
applications 

Poly  (acrylic  acid)  oligomer  reacted 
with  hydroxyl  groups  on  acid- 
treated  MWCNTs  leading  to  a 
grafted  encapsulation  of  the 
MWCNTs.  These  subsequently 
reacted  with  3- 
aminopropyltriethoxysilane 
(APTES),  resulting  in  sub-grafting 
of  APTES  on  the  MWCNTs.  Such 
siloxane-MWCNTs  were  further 
hydrolyzed  to  make  MWCNTs 
indirectly  bearing  Si-OH  groups. 
Finally,  a  bud-like  MWCNT/silica 
hybrid  was  obtained  by  forming  a 
number  of  silica  nanoparticles  from 
Si-OH  groups  on  the  surface  of 
MWCNTs  by  introducing  siloxane- 
MWCNTs  into  a  solution  of  TEOS, 
ammonia,  and  ethanol.  The  average 
size  of  the  silica  nanoparticles  on 
the  surface  of  the  MWCNTs  was 
controlled  by  adjusting  the 
concentration  of  ammonia  and  the 
reaction  time 


Chandran  et  al. 
[117] 


Bag  we  et  al. 
[118] 


Zhou  et  al. 
[119] 
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Table  7  (continued) 


Preparation  method 


Experimental  details  and  findings 


References 


Emulsion  polymerization  of  ethylene 
from  me  soporous  silica 
nanoparticles  (MSNs)  with  vinyl 
(V)-functionalized  monolayers 


Mesoporous  silica  nanoparticles  were 
synthesized  and  characterized  to 
develop  a  drug  delivery  system  by 
loading  them  with  hydralazine  and 
functionalizing  them  with  PEG 


Surface  functional  monomer-directing 
strategy  for  the  highly  dense 
imprinting  of  2,4,6-trinitrotoluene 
(TNT)  molecules  at  the  surface  of 
silica  nanoparticles 


Functionalization  of  silica 

nanoparticles  via  the  combination 
of  surface-initiated  RAFT 
polymerization  and  click  reactions 


V-MSNs  were  synthesized  via  Wei  et  al. 

deposition  of  vinyl  monolayers  on  [120] 

the  pore  walls,  and  the  relative 

surface  coverage  of  the  vinyl 

monolayers  was  74%.  A  fluorinated 

P-O-chelated  nickel  catalyst  was 

coordinated  to  the  vinyl  groups. 

These  V-MSNs  hosting  catalysts 

fully  dispersed  in  water  with  the 

assistance  of  an  ultrasonic  processor 

in  the  presence  of  surfactants.  After 

addition  of  ethylene,  polyethylene 

chains  grew  from  the  pores  of 

V-MSNs,  forming  stable 

nanocomposite  lattices  with  solid 

content  of  up  to  17.3% 
These  agents  restored  damaged  cell       Cho  et  al. 

membranes  and  ameliorated  [121] 

abnormal  mitochondrial  behavior 

induced  by  the  endogenous  toxin 

acrolein.  Such  a  formulation  shows 

potential  as  a  novel  therapeutic 

agent 

Vinyl  functional  monomer  layer  of  the   Gao  et  al. 
silica  surface  not  only  directs  the  [122] 
selective  occurrence  of  imprinting 
polymerization  at  the  surface  of 
silica  through  the  copolymerization 
of  vinyl  end  groups  with  functional 
monomers,  but  also  drives  TNT 
templates  into  the  formed  polymer 
shells  through  the  charge  transfer 
complexing  interactions  between 
TNT  and  the  functional  monomer 
layer 

A  functional  monomer  with  a  pendant    Li  et  al.  [123] 
azide  moiety,  6-azidohexyl 
methacrylate  (AHMA)  was 
polymerized  on  the  surface  of  silica 
nanoparticles  via  surface-initiated 
RAFT  polymerization,  with 
considerable  control  over  the 
molecular  weight  and  molecular 
weight  distribution.  The  kinetics  of 
AHMA  polymerization  mediated  by 
4-cyanopentanoic  acid 
dithiobenzoate  (CPDB)-anchored 
nanoparticles  was  investigated  and 
compared  with  that  of  AHMA 
polymerization  mediated  by  free 
CPDB  under  similar  conditions. 

(continued) 
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Table  7  (continued) 


Preparation  method 


Experimental  details  and  findings 


References 


On-line  synthesis  of  enzyme  - 

functionalized  silica  nanoparticles 
in  a  microfluidic  reactor  using 
polyethyleneimine  (PEI)  polymer 
and  R5  peptide 


RAFT  polymerization  used  to  graft 
polystyrene  onto  silica 
nanoparticles 


The  subsequent 
postfunctionalization  of 
PAHMA-grafted  nanoparticles  was 
demonstrated  by  reacting  with 
various  functional  alkynes  via  click 
reactions.  Kinetic  studies  showed 
that  the  reaction  of  surface-grafted 
PAHMA  with  phenylacetylene 
surface-grafted  PAHMA  was  much 
faster  than  that  of  free  PAHMA 
with  phenylacetylene.  In  the  case  of 
high  molecular  weight  alkynes, 
surface-grafted  PAHMA  showed 
lower  reaction  rates  than  free 
PAHMA 

A  simple  microfluidic  reactor  system     He  et  al.  [124] 

for  the  effective  synthesis  of 

enzyme-functionalized 

nanoparticles  offers  many 

advantages  over  batch  reactions, 

including  excellent  enzyme 

efficiencies.  Better  control  of  the 

process  parameters  in  the 

microfluidic  reactor  system  over 

batch-based  methodologies  enables 

the  production  of  silica 

nanoparticles  with  the  optimum  size 

for  efficient  enzyme  immobilization 

with  long-term  stability.  The 

synthetic  approach  used  glucose 

oxidase  and  two  different 

nucleation  catalysts  of  similar 

molecular  mass:  the  natural  R5 

peptide,  and  PEI  polymer 
A  novel  route  was  used  to  prepare  the 

RAFT  agent,  2-butyric  acid 

dithiobenzoate  (BDB),  by 

substitution  of  dithiobenzoate 

magnesium  bromide  with  sodium 

2-bromobutyrate  under  alkali 

condition  in  aqueous  solution. 

Epoxy  groups  were  covalently 

attached  to  silica  nanoparticles  by 

condensation  reaction  of  3- 

glycidyloxypropyltrimethoxysilane 

(GPS)  with  the  hydroxyl  on  the 

silica  particle  surface.  RAFT 

agent-functionalized  nanoparticles 

produced  by  ring-open  reaction  of 

the  epoxy  group  with  the  carboxyl 

group  of  BDB 


Liu  and  Pan 
[125] 
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Table  8  Preparation  of  functional  carbon  nanotubes 


Preparation  method 


Observations  and  evaluation 


References 


Thionine  was  employed  as  a  functional 
molecule  for  the  noncovalent 
functionalization  of  CNTs  because  it 
shows  a  strong  interaction  with  either 
SWCNTs  or  MWCNTs 


A  novel  cascade  of  chemical 
functionalization  of  MWCNTs 
through  chemical  modification  by  a 
carbohydrate,  D-galactose. 
Galactose-conjugated  or 
galactosylated.  MWCNTs  were 
synthesized  involving  the  sequential 
steps  of  carboxylation,  acylation, 
amine  modification,  and  finally, 
galactose  conjugation 


Attachment  of  thionine  molecules  onto     Li  et  al. 
the  sidewalls  of  CNTs  improves  the  [128] 
solubility  and  lowers  the  thermal 
stability  of  the  original  CNTs.  More 
importantly,  it  functionalizes  the 
surface  of  CNTs  with  rich  NH2  groups 
and  therefore  opens  up  more 
opportunities  for  the  surface 
chemistry  of  CNTs.  The  modification 
of  small  thionine  molecules  allows 
other  kinds  of  species  such  as 
cytochrome  C  and  Ti02  nanoparticles 
to  be  easily  and  selectively  introduced 
onto  the  surface  of  CNTs.  With  this 
approach,  SWCNTs  or  MWCNTs  can 
be  tailored  with  desired  functional 
structures  and  properties 

Modification  of  MWCNTs  with  galactose  Jain  et  al. 
was  characterized  at  every  sequential  [129] 
step  of  functionalization.  That 
galactosylation  improved  the 
dispersibility  of  MWCNTs  in  aqueous 
solvents  was  confirmed  by 
investigation  of  their  dispersion 
characteristics  at  different  pH  values. 
Galactosylated  MWCNTs  were  used 
for  delivery  of  different  bioactive(s) 
as  well  as  active  ligand  (galactose)- 
based  targeting  to  hepatic  tissue 


SWCNTs  as  an  electron-acceptor.  Some  additional  methods  for  preparing  func- 
tional CNTs  are  depicted  in  Table  8. 


3.4.2    Dispersion  of  CNTs  in  Polymer  Matrix 

The  performance  of  CNT-based  polymer  composites  include  the  extent  to  which 
the  CNTs  can  be  wetted  by  a  given  polymer  and  the  resultant  adhesion  between  the 
nanotube  and  the  surrounding  polymer  matrix  material.  Therefore,  the  interface 
between  the  polymer  matrix  and  the  reinforcement  plays  a  crucial  role  in  the 
physical  properties  of  the  composites.  Several  techniques  like  physical  processing 
and  melt  compounding  methods  (ultrasonication,  milling,  or  grinding)  are  known 
[130]  to  be  efficient  at  dispersing  CNTs  into  polymer  matrices  (Table  9). 


Functionalized  Nanoparticles  and  Chitosan-Based  Functional  Nanomaterials 


21 


Table  9  Application  of  dispersing  CNTs  in  polymer  matrices 


Work 


Observations 


References 


Study  of  processed 

MWCNT-polystyrene 
nanocomposites  in  a  twin-blade 
mixer 


Series  of  studies  on  melt  processing  of 
nanocomposites  based  on  CNTs 


Study  involving  melt  compounding 
polydimethylsiloxane  with 
MWCNTs 


Incorporation  of  MWCNTs  into  shape 
memory  polyurethane  fiber  by  in 
situ  polymerization,  with 
treatment  of  MWCNTs  in 
concentrated  HN03  and  H2S04 


Premixing  CNT  with  poly  (ethylene 
terephthalate)  (PET)  in  a  solvent 
followed  by  melt  spinning  after 
drying  the  mixture 


The  effect  of  shear  mixing  energy  was 
studied  and  it  was  found  that  the 
tube  length  diminishes  with 
increasing  mixing  energy,  and  that 
the  rate  of  tube  breakage  reduced 
as  the  tubes  were  better  dispersed 

The  interesting  relation  between 
nanotube  connectivity  and  the 
onset  of  non-Newtonian 
nanotube-polymer  behavior  was 
investigated 

Viscosity  changes  were  measured  as  a 
function  of  nanotube-polymer 
mixing  time  and  gave  some 
quantitative  understanding  of 
CNT  dispersion  in  the  matrix 
polymer.  Shear  stresses  in  the 
mixer  were  far  below  the  ultimate 
tensile  strength  of  MWCNTs, 
indicating  that  the  direct  scission 
of  MWCNTs  is  unlikely  to  occur 
during  mixing 

Mechanical  stirring,  ultrasonic 
vibration,  melt  blending, 
extraction,  and  melt  spinning  of 
the  MWCNTs  resulted  in  them 
being  distributed  homogenously 
and  preferentially  aligned  along 
the  fiber- axial  direction 

Tensile  strength  of  the  composite 
fibers  increased  by  36.9%  and  the 
tensile  modulus  increased  by 
41.2%  by  adding  0.02  wt%  of 
acid-treated  MWCNTs 


Mamedov  et  al. 
[131]  and 
Andrews  et  al. 
[132] 


Potschke  et  al. 
[133-134] 


Huang  et  al.  [135] 


Meng  et  al.  [136] 


Shen  et  al.  [137] 


3.4.3  Graphene 

In  recent  years,  graphene  has  become  a  very  hot  topic  of  research  in  the  field  of 
nanomaterials.  In  graphite,  each  graphene  layer  is  arranged  such  that  half  of  the 
atoms  lie  directly  over  the  center  of  a  hexagon  in  the  lower  graphene  sheet,  and  half 
of  the  atoms  lie  directly  over  an  atom  in  the  lower  layer.  A  number  of  researchers 
have  developed  a  range  of  approaches  for  synthesizing  graphene,  including 
micromechanical  cleavage,  liquid-phase  exfoliation  of  graphite,  epitaxial  growth, 
and  reduction  from  graphite  oxide  (the  precursor  of  graphene)  by  chemical  or 
thermal  exfoliation.  Recently,  the  biological  applications  have  also  started  to  be 
investigated  [138,  139]. 
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Table  10  Graphene-based  functional  nanomaterials 


Work 


Finding 


References 


Studies  on  PEG-functionalized 
nanographene  sheets  (NGS) 


PEG-functionalized  NGS  were  labeled 
with  Cy7,  a  commonly  used  NIR 
fluorescent  dye,  and  the  in  vivo 
behavior  of  graphene  studied  by 
in  vivo  fluorescence  imaging 


Study  on  the  long-term  in  vivo 
biodistribution  of  [125]I-labeled 
NGS  functionalized  with  PEG 


A  low-cost  technique  via  simple  rapid- 
mixture  polymerization  of  aniline 
using  graphene  oxide  (GO)  and 
graphene  papers  as  substrates, 
respectively,  to  fabricate  free- 
standing, flexible  GO-poly aniline 
(PANI)  and  graphene-PANI  hybrid 
papers 


A  homogeneous  aqueous  colloidal 
suspension  of  chemically 
crosslinked  GO  sheets  was 
generated  by  addition  of 
polyallylamine  to  an  aqueous 
suspension  of  GO  sheets  followed 
by  sonication  of  the  mixture 

Production  of  a  homogeneous  colloidal 
suspension  of  crosslinked  GO 
sheets 


High  solubility  and  stability  in 

physiological  solutions.  Used  for 
drug  carriers  for  controlled  loading 
and  release  of  antitumor  drugs  and 
for  biological  imaging 

Compared  with  CNTs  with  one- 
dimensional  structure,  the  2D 
nanographene  has  unique  shape  and 
size  as  well  as  various  intriguing 
physical  and  chemical  properties, 
thus  making  it  an  interesting 
material  for  nanomedicine 

Uncovered  the  highly  efficient  tumor 
passive  targeting  ability  of 
PEGylated  NGS  and  used  graphene 
as  a  powerful  photothermal  therapy 
agent  for  effective  photo- ablation 
of  tumors  in  a  mouse  model 

The  potential  toxicity  of  graphene  was 
studied  over  time.  The  results 
showed  that  PEGylated  NGS 
mainly  accumulate  in  the 
reticuloendothelial  system, 
including  liver  and  spleen,  after 
intravenous  administration  and 
gradually  cleared,  probably  by  both 
renal  and  fecal  excretion. 
PEGylated  NGS  does  not  cause 
appreciable  toxicity  at  the  tested 
dose  (20  mg/kg)  in  treated  mice 
over  a  period  of  3  months.  This 
work  greatly  encourages  further 
studies  of  graphene  for  biomedical 
applications 

Nanostructural  PANI  was  deposited  on 
the  surfaces  of  GO  and  graphene 
papers,  forming  thin,  lightweight, 
and  flexible  paperlike  hybrid  papers 


"Paper"  material  samples,  made  by 
simple  filtration  from  a  colloidal 
suspension  of  crosslinked  GO 
sheets,  showed  excellent 
mechanical  stiffness  and  strength, 
thus  demonstrating  the  utility  of 
such  colloidal  suspensions 


Sun  et  al.  [140] 
and  Liu 
et  al.  [141] 


Zhang  et  al. 
[142]  and 
Yang  et  al. 
[143] 


Yang  et  al. 
[144] 


Zhang  et  al. 
[145] 


Yan  et  al.  [146] 


Parketal.  [147] 
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The  functionalization  of  graphene  makes  it  a  promises  candidate  for  various 
applications.  Several  approaches  have  been  developed  for  noncovalently  and  cova- 
lently  functionalizing  graphene  (Table  10). 

3.4.4  Fullerene 

In  recent  years,  studies  on  functionalized  fullerenes  for  various  applications  in  the 
field  of  biomedical  sciences  have  seen  a  significant  increase  (Table  11). 

The  most  common  technique  used  is  to  react  pristine  C60  with  a  functionalized 
polymer.  Three  examples  are:  (a)  azido-functionalized  polymers,  which  result  in 
the  formation  of  aza[60]fulleroids  and  aziridino[60]fullerene-containing  polymers 
[157]  when  reacted  with  C60;  (b)  polymers  appended  with  aldehyde  functional 
groups  have  been  used  to  produce  fulleropyrrolidine-containing  polymers  [158]; 
and  (c)  the  fullerene  is  functionalized  in  such  a  way  so  as  to  form  a  monomer,  which 
can  then  be  polymerized.  Polymerization  of  C^q  monomers  has  usually  been  done 
by  condensation,  although  examples  of  addition  polymerization  do  exist.  The  wide- 
ranging  reactivity  of  the  remaining  double  bonds  on  the  C60  cage  is  one  potential 
drawback  of  this  approach  because  further  reaction  of  these  double  bonds  will  result 
in  the  loss  of  the  required  properties  of  the  mono -fullerene  adduct. 


3.5  Liposomes 

The  main  advantages  of  liposomes  are  their  biocompatibility,  nontoxicity,  adjustable 
size  [159],  the  possibility  to  functionalize  their  surface  to  make  them  targeting  or 
stealthy  [160],  and  their  ability  to  encapsulate  hydrophilic  molecules  in  their  water 
pool  [161].  All  these  advantages  have  attracted  scientists  and  researchers  across  the 
world  to  work  in  liposomal  chemistry.  The  great  issue  in  liposome  research  is  the 
design  of  hybrid  liposomes  containing  functional  nanoparticles  for  use  as  nanoscale 
therapeutics  [162,  163].  Liposomes,  which  have  a  lipid  bilayer  shell  of  less  than 
5  nm  thickness  surrounding  an  aqueous  core,  can  provide  a  means  of  dispersing  and 
concentrating  nanoparticles  via  encapsulation  or  binding,  thus  shielding  them  from 
biomolecular  adsorption  and  delivering  them  through  established  liposome  targeting 
strategies.  When  loaded  with  drugs  and  nanoparticles,  they  resemble  classic 
liposome-drug  formulations  with  additional  functionality  owing  to  the 
nanoparticles.  This  functionality  could  be  related  to  imaging  [164],  biosensing 
[165],  or  heating  through  external  activation  using  lasers  [166]  or  alternating  current 
electromagnetic  fields.  Nanoparticles  include  inorganic  nanocrystals  such  as  iron 
oxide,  gold,  and  quantum  dots;  natural  nanoparticles  such  as  viruses,  lipoproteins, 
and  apoferritin;  and  hybrid  nanostructures  composed  of  inorganic  and  natural 
nanoparticles.  Of  these,  the  most  investigated  nanoparticles  platforms  for  biomedi- 
cal purpose  are  lipidic  aggregates  such  liposomal  nanoparticles,  micelles,  and 
microemulsions.  Their  relative  ease  of  preparation  and  functionalization,  as  well 
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Table  11  Preparation  of  functionalized  fullerenes 


Preparation  method 


Observations 


References 


Three-point  hydrogen  bonding  assembly 
between  a  conjugated  poly 
(p-phenylene  vinylene)  (PPV)  and  a 
functionalized  fullerene 


Advanced  preparation  and  reactivity  of 
a  surface-functionalized,  fullerene- 
enriched  liposome 


A  range  of  fullerenes  functionalized 
with  long  alkyl  chains  was 
synthesized  and  inserted  into 
SWCNTs 


Mono-  and  multiple-functionalized  C60 
derivatives  were  synthesized  and 
studied  for  their  photophysical 
properties 


A  new  self-assembly  system  was 
demonstrated  between  PPV 
derivatives  and  an  organo-fullerene 
through  a  three-point  hydrogen 
bonding  interaction.  Two  new 
compounds,  U-PPV  bearing  an 
uracil  moiety  (electron  donor)  and 
DAP-C60  containing  a  2,6- 
diacylamidopyridine  unit  (electron 
acceptor),  were  prepared  and  used  to 
build  a  supramolecular  system 

A  C70-enriched  liposome,  LMIC70, 
was  obtained  by  exchange  from  an 
unstable  water-soluble  complex  of 
fullerene  (C70-CDx).  The  biological 
activity  of  LMIC70  toward  DNA 
was  assayed  under  visible-light 
irradiation.  The  results  showed  that 
LMIC70  can  serve  as  a  superlative 
system  for  DNA  photocleavage 

The  impact  of  the  alkyl  chain  length  and 
of  the  type  of  linker  between  the 
addend  and  the  fullerene  cage  on  the 
geometry  of  molecular  arrays  in 
nanotubes  was  studied  by  high- 
resolution  TEM.  In  the  presence  of 
functional  groups,  the  mean  inter- 
fullerene  separations  significantly 
increased  by  2-8  nm,  depending  on 
the  length  of  the  alkyl  chain,  but  the 
periodicity  of  the  fullerene  arrays 
was  disrupted  due  to  the 
conformational  flexibility  of  the 
alkyl  groups 

Fluorescence  quantum  yields  of  the  C60 
derivatives  were  quantitatively 
determined.  For  the  mono- 
functionalized  C60  derivatives,  the 
compound  with  a  (5-6) -open 
fulleroid  addition  pattern  on  the 
fullerene  cage  appeared  to  be 
considerably  less  fluorescent  than 
those  with  a  [6,6] -closed  cage 
addition  pattern.  Despite  the 
disturbance  of  the  electronic 
structure  via  multiple  additions  to 
the  fullerene  cage,  the  multiple- 
functionalized  C60  derivatives 
exhibited  no  dramatic  changes  in 
fluorescence  quantum  yields  in 


Fang  et  al. 
[148] 


Ikeda  et  al. 
[149] 


Chamberlain 
et  al. 
[150] 


Sun  et  al. 
[151] 


(continued) 
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Table  11  (continued) 


Preparation  method 


Observations 


References 


Cis-  and  ?ra^-functionalized  bis- 18- 
crown-6  porphyrins  self-assembled 
with  fullerene  functionalized  with 
pyridine  or  alkyl  ammonium  cation 
entities 

A  self-assembled  photoactive  antenna 
system  containing  GNP  as  the 
central  nanocore  and  appended 
fullerene  moieties  as  the 
photoreceptive  hydrophobic  shell 
was  designed  by  functionalizing  a 
GNP  with  a  thiol  derivative  of 
fullerene 


The  Diels-Alder  reactions  of  masked  o- 
benzoquinones  (MOBs)  with  [60] 
fullerene  afforded  novel  and  highly 
functionalized  bicyclo- [2.2.2]- 
octenone-fused  [60] fullerene 
derivatives 


A  variant  of  the  Huisgen  1,3-dipolar 
cycloaddition  reaction  provides  a 
new  and  convenient 
functionalization  of  fullerene  s 


One-step  preparation  of 

polyfunctionalized  fullerene 
derivatives  by  regioselective  penta- 
addition  of  an  organocopper  reagent 


comparison  with  the  mono- 
functionalized  C60  derivatives.  The 
fluorescence  lifetimes  of  the  C60 
derivatives,  were  obtained  using  the 
time-correlated  single 
Photo-induced  electron-transfer 
processes  reported 


Upon  suspension  of  fullerene- 

functionalized  GNPs  (Au-S-C60)  in 
toluene,  formation  of  5-30  nm 
diameter  clusters  was  observed.  The 
quenching  of  fluorescence  emission 
as  well  as  decreased  yields  of  triplet 
excited  state  suggests  the 
participation  of  excited  singlets  in 
the  energy  transfer  to  the  gold 
nanocore.  Application  of 
electrophoretically  deposited 
Au-S-C60  nanoassemblies  on 
optically  transparent  electrodes  in 
the  photoelectrochemical  conversion 
of  light  energy  was  demonstrated 

MOBs  reactive  with  cyclohexa-2,4- 
dienones  undergo  Diels-Alder 
cycloadditions  with  [60]  fullerene  to 
produce  hitherto  unknown,  stable, 
and  highly  functionalized  bicyclo- 
[2.2.2] -octenone  derivatives.  In  light 
of  the  mild  conditions  and 
considerable  generality,  these 
reactions  are  certainly  noteworthy 

This  method  complements  the  widely 
used  Prato  and  Bingel-Hirsch 
reactions.  The  derived,  highly 
functionalized  cyclopentenone  and 
cyclopentenamine  fullerene 
compounds  are  suitable  for  further 
functionalization  upon  hydrolysis 
and  may  serve  well  in  the  synthesis 
of  new  C60  derivatives  possessing 
uncommon  and  interesting 
properties 

A  functionalized  aryl  iodide  was  first 
converted  to  the  corresponding 
Grignard  reagent  and  then  to  a 
copper  reagent  and  finally  allowed  to 
react  with  C60.  The  method  allows 


Souza  et  al. 
[152] 


Sudeep  et  al. 
[153] 


Yen  et  al. 
[154] 


Zhou  and 
Magriotis 
[155] 


Zhong  et  al. 
[156] 
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Table  11  (continued) 

Preparation  method  Observations  References 

introduction  of  five  functional 
groups  to  the  C60  skeleton  in  a 
convergent  manner.  The 
shuttlecock-like  molecules 
crystallize  into  a  columnar  packing 
structure.  If  the  R  group  could  bear  a 
wide  variety  of  functional  groups, 
this  reaction  would  provide  a 
uniquely  short,  general  approach  to 
the  synthesis  of  densely 
functionalized  molecules  such  as 
polysaccharides  that  would  tightly 
bind  to  proteins.  It  is  reported  that  a 
mild  iodine/magnesium  exchange 
procedure  pioneered  by  Knoche 
removes  some  of  the  limitations  and 
allows  one-  or  two-step  syntheses  of 
functionalized  fullerene  compounds 
and  their  derivatives  in  good  to  high 
yield 


as  the  synthetic  ability  to  combine  multiple  amphiphilic  moieties,  are  the  most 
important  reasons  for  their  popularity.  Lipid-based  nanoparticle  platforms  allow 
the  inclusion  of  a  variety  of  imaging  agents,  ranging  from  fluorescent  molecules  to 
chelated  metals  and  nanocrystals. 

Liposomes  are  lipid  bilayers  encapsulating  an  aqueous  core.  Due  to  their  ease  of 
preparation  in  a  size-controlled  manner  and  their  biocompatibility,  they  are  widely 
used  as  lipid-based  nanoparticles  for  drug  delivery.  Incorporation  of  PEG- 
containing  lipid  reduces  opsonization  and  renders  the  liposomes  long-circulating 
in  the  blood  stream.  After  intravenous  administration,  long-circulating  liposomes 
passively  accumulate  in  the  tumor  tissues  due  to  an  enhanced  permeation  and 
retention  effect.  For  active  targeting,  antibodies,  peptides,  and  small  molecules 
have  been  conjugated  to  the  surface  of  the  liposomes.  The  side  effects  of  anticancer 
drugs  are  considerably  reduced  by  encapsulating  them  in  the  liposomes.  Numerous 
clinical  trials  are  currently  in  progress  using  liposome-encapsulated  anticancer 
drugs.  Table  12  shows  the  efficient  preparation  methods  for  functional  lyposomes. 

Bionanotechnology  involves  the  use  of  biomolecules  to  control  both  the  structure 
and  properties  of  nanomaterials.  One  of  the  most  studied  examples  is  DNA-directed 
assembly  of  inorganic  nanoparticles  such  as  gold  nanoparticles  (GNPs).  However, 
systematic  studies  on  DNA-linked  soft  nanoparticles,  such  as  liposomes,  are  still 
lacking. 
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Table  12  Preparation  of  functional  lyposomes 


Preparation  method 


Observations 


References 


Study  of  the  formation,  characterization, 
and  release  properties  of  bilayer- 
decorated  magnetoliposomes  (dMLs) 
that  were  prepared  by  embedding 
small  hydrophobic  SPIONs  at 
different  lipid  molecule  to 
nanoparticle  ratios  within 
dipalmitoylphosphatidylcholine 
(DPPC)  bilayers 


Programmable  assembly  and  systematic 
characterization  of  DNA-linked 
liposomes 


Chemical  modification  of  liposome 
surfaces  via  a  copper-mediated  [3+2] 
azide-alkyne  cycloaddition  reaction 
based  on  click  chemistry  and 
monitored  by  a  colorimetric  assay 


The  dML  structure  was  examined  by 
cryo-TEM  and  DSC,  and  release 
examined  by  carboxyfluorescein 
leakage.  Nanoparticle  heating  using 
alternating  current  electromagnetic 
fields  (EMFs)  operating  at  radio 
frequencies  provided  selective  release 
of  the  encapsulated  molecules  at  low 
nanoparticle  concentrations  and  under 
physiologically  acceptable  EMF 
conditions 

Parameters  such  as  liposome  size,  charge, 
and  fluidity  have  little  effect  on  the 
DNA  melting  temperature.  Cryo- 
TEM  studies  showed  that 
programmable  assemblies  were 
obtained  and  that  the  majority  of  the 
liposomes  maintained  a  spherical 
shape  in  the  assembled  state. 
Although  liposome  and  GNP  systems 
are  similar  in  many  aspects,  the 
important  differences  are  explained 
by  their  respective  physical 
properties.  Cycloaddition  is  a  novel 
generic  chemical  tool  for  the  facile  in 
situ  surface  modification  of 
liposomes.  Fluorescence  resonance 
energy  transfer  was  used  to 
demonstrate  that  the  reaction  takes 
place  at  the  surface  and  a  colorimetric 
assay  was  developed  to  follow  the 
reaction  in  time  without  the  need  for 
any  equipment 

These  vesicles  were  subjected  to  physical 
characterization  and  stability  analysis 
at  varying  pH  values.  The  enzymatic 
activity  of  alkaline  phosphatase  was 
evaluated  following  exposure  to 
simulated  gastric  pH.  The  alginate- 
loaded  liposomes  were  typically  of 
the  order  of  10  um;  however,  there 
was  evidence  of  vesicle  aggregation 
thought  to  be  due  to  alginate  present 
on  the  surface  of  the  vesicles.  The 
typical  size  of  the  aggregated  vesicles 
was  ~30  um.  Targeted  delivery  of 
imaging  agents  and  therapeutics  to 
tumors  would  provide  early  detection 
and  increased  therapeutic  efficacy 
against  cancer 


Chen  et  al. 
[167] 


Dave  and 
Liu 
[168] 


Cavalli 
et  al. 
[169] 
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Table  12  (continued) 


Preparation  method 


Observations 


References 


Potential  of  alginate-loaded  liposomes  as 
a  vehicle  for  the  oral  delivery  of 
bioactive  proteins.  The  vesicles  were 
prepared  from  the  phospholipid 
dipalmatoyl  phosphatidylcholine 
using  a  simple  dry  film  hydration 
technique.  Alkaline  phosphatase 
(ALP)  was  used  as  a  model  bioactive 
protein.  ALP  activity  following  2  h  of 
exposure  to  simulated  gastric  pH  was 
maintained  at  a  significantly  higher 
level  (80%)  when  encapsulated  in  the 
alginate-loaded  liposomes  as 
compared  to  ALP  loaded  in 
conventional  liposomes  (55%) 


A  phage-displayed  peptide  library  was 
screened  to  identify  peptides  that 
selectively  bind  to  lung  tumor  cells. 
The  synthetic  CSNIDARAC  peptide 
strongly  bound  to  H460  cells  and  was 
efficiently  internalized  into  the  cells 


Synthesis,  biophysical  characterization, 
tumor  cell- selective  internalization, 
and  anticancer  drug  delivery  of  QD- 
ILs.  QD-ILs  prepared  by  insertion  of 
anti-HER2  scFv  exhibited  efficient 
receptor-mediated  endocytosis  in 
HER2-overexpressing  SK-BR-3  and 
MCF-7/HER2  cells  but  not  in  control 
MCF-7  cells,  as  analyzed  by  flow 
cytometry  and  confocal  microscopy 


Evaluation  of  individual  phage  clones 
after  screening  revealed  that  a  phage 
clone  displaying  the  CSNIDARAC 
peptide  bound  to  H460  lung  tumor 
cells  at  higher  extent  than  other  phage 
clones.  The  CSNIDARAC  peptide- 
targeted  and  doxorubicin-loaded 
liposomes  inhibited  tumor  growth 
more  efficiently  than  untargeted 
liposomes  or  free  doxorubicin.  In  vivo 
imaging  of  fluorescently  labeled 
liposomes  demonstrated  selective 
homing  of  the  CSNIDARAC- 
liposomes  to  tumor.  Nanomedicines 
and  luminescent  QDs  can  be  loaded 
into  immunolipo somes  for  cancer 
diagnosis  and  treatment 

Pharmacokinetic  properties  and  in  vivo 
imaging  capability  of  QD-conjugated 
immunoliposome-based  nanoparticles 
(QD-ILs)  was  investigated. 
Nontargeted  QD-ILs  showed  minimal 
binding  and  uptake  in  these  cells. 
Doxorubicin-loaded  QD-ILs  showed 
efficient  anticancer  activity,  while  no 
cytotoxicity  was  observed  for  QD-ILs 
without  chemotherapeutic  payload.  In 
athymic  mice,  QD-ILs  significantly 
prolonged  circulation  of  QDs, 
exhibiting  a  plasma  terminal  half-life 
of  ~2.9  h,  as  compared  to  free  QDs. 
In  MCF-7/HER2  xenograft  models, 
localization  of  QD-ILs  at  tumor  sites 
was  confirmed  by  in  vivo  fluorescence 
imaging 

The  C-type  lectin  asialoglycoprotein 
receptor  (ASGPR)  is  particularly 
suitable  for  liver- specific  delivery  due 
to  its  exclusive  expression  by 
parenchymal  hepatocytes.  For 
targeting  of  ASGPR,  rhodamine-B- 
loaded  P-cyclodextrins  (PCDs)  were 
functionalized  with  glycodendrimers. 
Liposomes  were  equipped  with 
synthetic  glycolipids  containing  a 
terminal  Af-acetyl-D-galactosamine 
(D-GalNAc)  residue  to  mediate 
binding  to  ASGPR.  Uptake  studies  in 
the  human  hepatocellular  carcinoma 
cell  line  HepG2  demonstrated  that 
PCDs  and  liposomes  displaying 
terminal  D-Gal/D-GalNAc  residues 


Smith 
et  al. 
[170] 


He  et  al. 
[171] 


Weng 
et  al. 
[172] 
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Table  12  (continued) 


Preparation  method 


Observations 


References 


Design,  synthesis,  and  biological 
evaluation  of  carbohydrate- 
functionalized  cyclodextrins  and 
liposomes  for  hepatocyte-specific 
targeting.  Targeting  of  glycan- 
binding  receptors  is  an  attractive 
strategy  for  cell- specific  drug  and 
gene  delivery 


Thermosensitive  HPMA  mono/dilactate 
polymer  was  prepared  and  the 
temperature-triggered  release  of 
content  from  polymer-coated 
liposomes  studied.  HPMA  mono/ 
dilactate  polymer  was  synthesized 
with  a  cholesterol  anchor  suitable  for 
incorporation  in  the  liposomal 
bilayers  and  with  a  cloud  point 
temperature  of  the  polymer  slightly 
above  normal  body  temperature 
(42°  C) 


Synthesis  of  linear-hyperbranched  lipids 
for  liposome  preparation  based  on 
linear  PEG  and  hyperbranched 
polyglycerol 

"Clickable",  polymerized  liposomes  as  a 
general  liposomal  platform  for  rapid 
attachment  of  functional  moieties  to 
their  peripheries  via  click  chemistry. 
The  platform  was  based  on 
polydiacetylene  lipids  terminated 
with  alkynyl  groups 


were  preferentially  endocytosed.  In 
contrast,  uptake  of  pCDs  and 
liposomes  with  terminal  D-Man  or  d- 
GlcNAc  residues  was  markedly 
reduced.  The  D-Gal/D-GalNAc- 
functionalized  pCDs  and  liposomes 
enable  hepatocyte-specific  targeting. 
Gal-functionalized  pCDs  are  efficient 
molecular  carriers  to  deliver 
doxorubicin  in  vitro  into  hepatocytes 
and  can  induce  apoptosis 

DLS  measurements  showed  that  the  size 
of  noncoated  liposomes  remained 
stable  upon  raising  the  temperature 
from  25°C  to  46°C.  Polymer-coated 
liposomes  aggregated  around  43°C. 
The  study  demonstrates  that 
liposomes  surface-modified  with 
Af-(2-hydroxypropyl)methacrylamide 
(HPMA)  mono/dilactate  copolymer 
are  attractive  systems  for  achieving 
temperature-triggered  content  release 

Controlled  polymerization  conditions 
allow  preparation  of  copolymer  lipids 
with  accurate  degrees  of 
polymerization,  varying  the  lengths  of 
both  blocks  while  keeping 
polydispersity  low.  Adjusting  the 
length  of  the  PEG  block  permits 
tailoring  the  shielding  properties  of 
the  polyether  lipid  further.  The  use  of 
different  initiators  broadens  the  fields 
of  application  of  these  materials, 
ranging  from  commercially  available 
cholesterol  to  different  aliphatic 
glyceryl  ethers  as  the  anchors  for 
incorporation  in  the  liposomes. 
MALDI-ToF  mass  spectrometry 
confirmed  complete  incorporation  of 
the  respective  initiators 

Conditions  for  copper-catalyzed 
azide-alkyne  cycloaddition  were 
optimized  for  rapid  attachment  of 
azides  with  controlled  composition 
onto  the  liposomes 


Bernardes 
et  al. 
[173] 


Paasonen 
et  al. 
[174] 


Hofmann 
et  al. 
[175] 


Kumar 
et  al. 
[176] 


30 


P.  Dutta  et  al. 


3.6    Quantum  Dots 

Among  various  nanomaterials  developed,  quantum  dots  (QDs)  represent  one  of  the 
most  successful  new  biological  probes.  Compared  to  conventional  organic 
fluorophores,  QDs  have  advantageous  properties  that  include  tunable  emission, 
photostability,  and  high  brightness  [177,  178].  These  unique  properties  make  QDs 
highly  desirable  for  certain  biological  applications  and  bring  new  possibilities  for 
biological  imaging  [179].  These  applications  range  from  solar  cells,  light-emitting 
diodes,  laser  technologies,  and  chemical  sensing  to  bioimaging.  This  has  been 
motivated  by  a  desire  to  reach  a  fundamental  understanding  of  several  of  their 
unique  properties  and  by  the  wealth  of  potential  applications  involving  the  use  of 
these  materials,  ranging  from  electronic  devices  to  in  vivo  cellular  imaging. 

The  functionalization  of  nanoparticles  is  very  important  for  improving  their 
application.  To  date,  most  of  the  QDs  are  prepared  in  the  organic  phase  and  their 
surfaces  are  functionalized  with  hydrophobic  moieties  such  as  tri-/?-octyl  phosphine 
oxide  (TOPO)  and  fatty  acids.  These  hydrophobic  QDs  are  not  dispersible  in 
aqueous  or  biological  fluids  [180].  Thus,  surface  modification  of  biocompatible 
water-dispersible  QDs  has  received  tremendous  attention  in  the  last  decade  [181]. 
Various  approaches  to  the  preparation  of  QDs  (Table  13)  have  been  reported. 


3.7  Nanocomposites 

Polymer  nanocomposites  are  composites  with  a  polymer  matrix  and  filler  with  at 
least  one  dimension  of  less  than  100  nm.  Organic-inorganic  nanocomposites  are 
generally  organic  polymer  composites  with  inorganic  nanoscale  building  blocks. 
They  combine  the  advantages  of  the  inorganic  material  (e.g.,  rigidity,  thermal 
stability)  and  those  of  the  organic  polymer  (e.g.,  flexibility,  dielectric  properties, 
ductility,  and  processability)  [192].  Moreover,  they  usually  also  contain  special 
properties  due  to  the  nanofillers,  which  leads  to  materials  with  improved  properties. 
A  defining  feature  of  polymer  nanocomposites  is  that  the  small  size  of  the  fillers 
leads  to  a  dramatic  increase  in  interfacial  area  as  compared  with  traditional 
composites.  Even  at  low  loadings,  this  interfacial  area  creates  a  significant  volume 
fraction  of  interfacial  polymer  with  properties  different  from  the  bulk  polymer  [193, 
194].  Organic-inorganic  nanocomposite  systems  can  be  prepared  by  various  syn- 
thesis routes,  reflecting  the  various  methods  available  to  introduce  each  phase.  The 
organic  component  can  be  introduced  as:  (a)  a  precursor  (monomer  or  oligomer), 
(b)  a  preformed  linear  polymer  (in  molten,  solution,  or  emulsion  states),  or  (c)  a 
polymer  network  that  is  physically  (e.g.,  semicrystalline  linear  polymer)  or  chemi- 
cally (e.g.,  thermosets,  elastomers)  crosslinked.  The  inorganic  part  can  be 
introduced  as  a  precursor  (e.g.,  TEOS)  or  as  preformed  nanoparticles.  Organic  or 
inorganic  polymerization  generally  becomes  necessary  if  at  least  one  of  the  starting 
moieties  is  a  precursor.  There  are  various  types  of  nanostructural  materials,  i.e., 
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Table  13  Preparation  of  functional  QDs 


Preparation  method 


Observations 


References 


Synthesis  of  TOPO-functionalized 
CdSe  QDs  by  pyrolysis  of 
organometallic  reagents  and 
characterization  of  their  optical 
properties 


Different  sizes  of  glutathione 

(GSH)-functionalized  CdTe  QDs 
were  prepared  directly  in 
aqueous  solution  and  their  use  in 
imaging  of  cells  investigated 


Simple  strategy  for  the  synthesis  of 
water-soluble,  luminescent, 
citrate-functionalized  CdSe  QDs 
and  their  application  for  selective 
detection  of  silver  ions 


Water-soluble,  biologically 
compatible  CdSe  QDs  with 

L-cysteine  as  capping  agent  were 
synthesized  in  aqueous  medium 


Controlling  the  relative  amount  of 
precursors  injected  into  the 
coordinating  solvent,  e.g.  TOPO, 
enabled  modification  of  the  size 
and  quality  of  nanocrystals,  the 
spectra  of  which  show  fairly 
sharp  excitonic  spectral  features 
even  in  a  limited  size  range. 
Passivation  with  ZnS  over- 
coating provides  a  large 
enhancement  of  the  fluorescence 
intensity,  i.e.,  quantum  efficiency 
reached  over  50%  at  room 
temperature  in  the  best  case 

The  QDs  have  tunable  fluorescence 
in  the  range  of  510-670  nm,  and 
also  have  high 
photoluminescence  (PL) 
quantum  yield  without  any 
postpreparative  treatment. 
Furthermore,  the  QDs  have 
strong  resistance  to 
photobleaching,  and  are  also 
considered  as  cytocompatible.  In 
addition,  for  the  first  time,  folic 
acid  was  covalently  conjugated 
to  the  GSH-functionalized  CdTe 
QDs  for  imaging  of  cancer  cells, 
demonstrating  potentially  broad 
application  as  biolabels 

PL  spectra  show  a  single,  narrow 
emission  band  at  ca.  554  nm 
without  any  contribution  from 
the  trap  states.  The  effect  of 
various  ions,  including 
physiologically  important  metal 
ions,  on  the  PL  intensity  of 
citrate-capped  CdSe  QDs  was 
studied.  Selective  luminescence 
quenching  with  Ag+  ion  was 
found  to  be  predominant 

Fluorescence  spectra,  absorption 
spectra,  and  TEM  studies 
showed  that  both  the  molar  ratio 
of  Se:Cd  and  the  reaction  time 
are  determining  factors  for  the 
size  distribution  of  CdSe/L- 
cysteine  QDs.  The  interaction  of 
QDs  bioconjugated  to  BSA  was 


Hashizume  et  al. 
[182] 


Xue  et  al. 
[183] 


Ingole  et  al. 
[184] 


Liu  et  al. 
[185] 
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Table  13  (continued) 


Preparation  method 


Observations 


References 


L-Cysteine-functionalized  CdTe 
QD-based  sensor  was  developed 
for  simple  and  selective 
detection  of  trinitrotoluene 
(TNT)  based  on  the  formation  of 
a  Meisenheimer  complex 
between  TNT  and  cysteine 


NH2-functionalized  CdSe/ZnS  QD- 
doped  Si02  NPs  with  both 
imaging  and  gene  carrier 
capabilities  were  developed  and 
characterized 


Investigation  of  surface-modified 
QDs  as  a  sensing  receptor  for 
Cu2+  ion  detection  by  an  optical 
approach.  Water-soluble  l- 
cysteine-capped  ZnS  QDs  were 
used  as  a  fluorescence  sensor  for 
Cu(II)  ions  involved  in 
fluorescence  quenching 


Functionalized  core-shell  CdSe/ZnS 
QDs  with  short-chain 
3-mercaptopropionic  acid 
(3MPA)  to  render  these 
nanocrystalline  semiconductor 
water-soluble 


also  studied  by  absorption  and 
fluorescence  titration 
experiments 
Fluorescence  of  QDs  quench 
because  electrons  of  the  QDs 
transfer  to  the  TNT  molecules 
via  the  formation  of  a 
Meisenheimer  complex.  TNT 
was  detected  with  a  low 
detection  limit  of  1 . 1  nM.  Studies 
on  the  selectivity  of  this  method 
show  that  only  TNT  generates  an 
intense  signal  response.  The 
synthesized  QDs  are  excellent 
nanomaterials  for  TNT  detection 

QD-doped  Si02  NPs  were 

internalized  by  primary  cortical 
neural  cells  without  inducing  cell 
death  in  vitro  and  in  vivo. 
Moreover,  the  ability  to  bind, 
transport,  and  release  DNA  into 
the  cell  allows  GFP-plasmid 
transfection  of  NIH-3T3  and 
human  neuroblastoma  SH-SY5Y 
cell  lines.  QD-doped  Si02  NPs 
properties  make  them  a  valuable 
tool  for  future  nanomedicine 
application 

The  optimum  fluorescence  intensity 
was  found  to  be  at  pH  5.0  with  a 
nanoparticle  concentration  of 
2.5  mg/L.  The  effect  of  foreign 
ions  on  the  intensity  of  ZnS  QD 
fluorescence  showed  a  low 
interference  response  towards 
other  metal  ions  except  Ag+  and 
Fe3+  ions.  The  quenching 
mechanism  was  studied  and  the 
results  show  the  existence  of 
both  static  and  dynamic 
quenching  processes 

Ligand-exchange  reaction  was 
significantly  improved  with  the 
use  of  an  organic  base  to  first 
remove  the  thiolic  hydrogen. 
Non-bound  3MPA  was  removed 
from  the  colloid  by  dialysis.  The 
pH  of  the  reaction  medium  has 
an  important  impact  on  the 
successful  attachment  of 
functional  DNA  on  the  QDs 


Chen  et  al. 
[186] 


Bardi  et  al. 
[187] 


Koneswaran  and 
Narayanaswamy 
[188] 


Pong  et  al. 
[189] 
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Table  13  (continued) 


Preparation  method 


Observations 


References 


Fluorescence  enhancement  of 

amine-capped  CdSe/ZnS  QDs  by 
thiol  addition;  addition  of  alkyl 
thiols  drastically  reduces  the 
fluorescence  of  CdSe  core  QDs 

Preparation  of  a  compact,  functional 
QD-DNA  conjugate,  where  the 
capturing  target  DNA  is  directly 
and  covalently  coupled  to  the  QD 
surface 


Thiol  addition  enhances  the 

emission  properties  of  already 
highly  fluorescent  amine-capped 
CdSe/ZnS  core-shell  QDs 

This  enables  control  of  the 

separation  distance  between  the 
QD  donor  and  dye  acceptor  to 
within  the  range  of  the  Forster 
radius.  Moreover,  a  tri(ethylene 
glycol)  linker  was  introduced  to 
the  QD  surface  coating  to 
effectively  eliminate  the  strong, 
nonspecific  adsorption  of  DNA 
on  the  QD  surface.  As  a  result, 
this  QD-DNA  conjugate 
hybridizes  specifically  to  its 
complementary  DNA  with  a 
hybridization  rate  constant 
comparable  to  that  of  free  DNA 
in  solution 


Aguilera-Sigalat 
et  al.  [190] 


Zhou  etal.  [191] 


metal  nanoparticles,  carbon-based  materials  (CNTs,  graphene,  fullerene),  and  QDs. 
Here  we  will  discuss  nanocomposites  based  on  these  nanostructural  materials. 

SnSb  nanoparticles  were  coated  onto  the  surface  of  MWCNTs  by  reductive 
precipitation  of  metal  chloride  salts  within  a  CNT  suspension  [195].  The 
composites  have  a  possible  application  in  lithium-ion  batteries.  The  SnSb-CNT 
nanocomposite  showed  a  high  reversible  capacity  of  480  mAh/g  and  stable  cyclic 
retention  until  the  50th  cycle.  The  improvement  of  reversible  capacity  and  cyclic 
performance  of  the  SnSb-CNT  composite  is  attributed  to  the  nanoscale  dimension 
of  the  SnSb  alloy  particles  (<50  nm)  and  the  structural  advantages  of  CNTs  as  a 
framework  material.  The  CNTs  could  be  pinning  the  SnSb  alloy  particles  on  their 
surfaces  so  as  to  hinder  the  agglomeration  of  SnSb  particles,  while  maintaining 
electronic  conduction  as  well  as  accommodating  drastic  volume  variation  during 
electrochemical  reactions. 

Wang  et  al.  [196]  reported  synthesis  of  Mn02/CNT  nanocomposites.  The  Mn02 
nanoparticles  were  coated  on  the  CNTs  by  a  facile  direct  redox  reaction 
between  KMN04  and  CNT  without  any  other  oxidant  or  reductant  addition. 
Xia  and  coworkers  [197]  synthesized  poly(e-caprolactone)  (PCL)/functionalized 
MWCNT  nanocomposites  and  their  electroactive  shape  memory  properties  were 
demonstrated.  The  crosslinking  reaction  of  the  pristine  PCL  was  realized  by  using 
benzoyl  peroxide  as  an  initiator.  The  raw  MWCNTS  were  prefunctionalized  by 
acid-oxidation  processes  and  covalent  grafting  with  PEG. 
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4    Chitosan-Based  Functional  Nanomaterials 

Chitosan  is  the  principle  derivative  of  chitin,  which  is  the  second-most  naturally 
occurring  polysaccharide  after  cellulose.  Chitosan  has  an  amino  group  in  the  C-2 
position  and  OH  groups  in  the  C-3  and  C-5  positions  and  can  react  with  functional 
nanomaterials  by  various  kinds  of  mechanisms.  The  current  developing  interest  is 
the  functionalization  of  chitosan  derivatives  in  the  form  of  nanomaterials  to  provide 
new  strategies  for  a  wide  range  of  applications  like  multifunctional  QD-based 
magnetic  chitosan  beads  [198],  synthesis  and  characterization  of  monodispersed 
chitosan  nanoparticles  with  embedded  QDs  [199],  synthesis  of  green  CdSe/chitosan 
QDs  using  a  polymer-assisted  y -radiation  route  [200],  water-soluble  chitosan  QDs 
hybrid  nanospheres  for  bioimaging  and  biolabeling  [201],  etc. 

The  authors'  laboratory  has  demonstrated  some  of  these  unique  functional 
nanomaterials,  particularly  those  based  on  chitosans  [202].  The  preparation  of 
QDs,  chitosan-GNP  derivatives,  and  fullerene-based  chitosan  derivatives,  and  the 
immobilization  of  gold  nanoparticles  onto  thiol-functionalized  chitosans  are  shown 
in  Fig.  1. 


5    Applications  of  Chitosan-Based  Functionalized 

Nanomaterials:  Biomedical  and  Industrial  Applications 

It  is  assumed  that  nanotechnology  will  provide  new  tools  for  medicine  using  the 
new  techniques  of  material  design  and  uses.  It  could  radically  change  the  way  that 
surgery  is  done.  It  will  make  it  possible  to  do  molecular- scale  surgery  to  replace 
defective  cells  and  to  repair  and  rearrange  cells.  Since  disease  is  the  result  of 
physical  disorder,  i.e.,  misarranged  molecules  and  cells,  medicine  at  this  level 
should  be  able  to  cure  most  diseases.  Mutations  in  DNA  could  be  repaired  and 
cancer  cells,  toxic  chemicals,  and  viruses  could  be  destroyed  through  the  use  of 
medical  nanode vices.  Nanotechnology  has  the  power  to  radically  change  the  way 
cancer  is  diagnosed,  imaged,  and  treated.  Currently,  there  is  a  lot  of  research  going 
on  to  design  novel  nanodevices  capable  of  detecting  cancer  at  its  earliest  stages, 
pinpointing  its  location  within  the  body  and  delivering  anticancer  drugs  specifically 
to  malignant  cells.  In  recent  years,  nanotechnology  has  found  innumerable 
applications  in  the  field  of  medicine:  from  drug  delivery  systems,  nanorobots,  and 
cell  repair  machines  to  imaging,  nanoparticles,  and  nanonephrology.  Owing  to  the 
extensive  use  of  nanomaterials  in  medical  equipment  and  devices,  nanomedicine 
has  become  a  significant  branch  of  nanotechnology.  Some  of  the  potential 
applications  are  tissue  engineering,  wound  healing,  cancer  diagnostics,  and  drug 
delivery. 

The  primary  objective  of  the  drug  delivery  system  is  to  make  the  life-saving  drug 
available  in  that  part  of  the  body  where  it  is  required  the  most.  Most  of  the  time, 
these  systems  fail  to  work  efficiently  because  the  particles  of  the  drug  are  too  large 
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(a)  Preparation  of  quantum  dot  (QD) 


(b)  Chitosan-GNP  derivative 
Fig.  1  (continued) 
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(c)  Fullerene-based  chitosan  derivative  [198] 
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(d)  Immobilization  of  gold  nanoparticles  onto  thiol-functionalized  chitosans 

Fig.  1  Preparation  of  chitosan-based  functional  nanomaterials.  (a)  Preparation  of  quantum  dot 
(QD).  (b)  Chitosan-GNP  derivative,  (c)  Fullerene-based  chitosan  derivative  [198].  (d)  Immobili- 
zation of  gold  nanoparticles  onto  thiol-functionalized  chitosans 


Functionalized  Nanoparticles  and  Chitosan-Based  Functional  Nanomaterials 


37 


for  the  cells  to  absorb,  or  they  are  insoluble,  or  they  have  the  potential  to  cause 
tissue  damage.  On  the  other  hand,  nanoparticles  are  easily  taken  up  by  the  cell  due 
to  their  exceedingly  small  size.  Moreover,  they  are  completely  soluble  and  do  not 
damage  the  tissues.  Hence,  the  efficiency  of  the  drug  delivery  system  can  be 
increased  several  times  by  integrating  nanoparticles  within  them.  Similarly,  the 
effectiveness  of  biopharmaceuticals  can  be  increased  several  times  by  coupling 
them  with  nanoparticles,  which  will  proficiently  deliver  the  peptides  or  proteins  at 
the  tumor  site  and,  in  this  manner,  cure  cancer  without  causing  extensive  damage 
to  the  adjacent  tissues  and  organs.  Owing  to  their  size  and  properties,  nanomaterials 
are  extensively  used  for  the  treatment  of  a  number  of  diseases.  Nanoparticle 
contrast  agents  are  being  developed  for  tumor  detection  purposes.  Labeled 
nanoparticles  and  nanolabeled  particles  are  used  for  MRI.  QDs  can  be  used  to 
measure  levels  of  cancer  markers  because  these  are  robust  and  very  stable  light 
emitters.  Their  photochemical  stability  and  the  ability  to  tune  broad  wavelengths 
make  QDs  extremely  useful  for  biolabeling  [203]. 

Template  synthesis  strategies  provide  excellent  control  over  both  the  internal 
and  external  dimensions  of  nanotubes.  Because  these  methods  also  allow  internal 
and  external  surfaces  to  display  disparate  functional  groups,  template-synthesized 
nanotubes  are  very  attractive  starting  points  for  drug  delivery  vehicles.  Several  key 
advances  have  recently  been  made  that  bring  this  goal  closer  to  reality.  First, 
nanotubes  can  now  be  prepared  from  a  much  broader  range  of  materials  that 
includes  biocompatible  and  biodegradable  materials  such  as  amino  acid  polymers, 
DNA,  alginate,  and  chitosan.  Of  those,  chitosan  is  a  very  promising  material  for 
various  kinds  of  effective  applications.  In  addition,  a  number  of  capping  strategies 
have  been  developed  to  retain  drug  payloads  within  nanotubes.  Finally,  nanotubes 
have  been  successfully  taken  up  by  target  cells,  where  their  payload  has  been 
delivered.  In  the  near  future,  these  advances  will  be  combined  for  drug-delivery 
studies  in  cell  culture  and,  more  importantly,  in  whole  animals. 

Drug-delivery  strategies  using  template- synthesized  nanotubes  [204]  can  over- 
come the  blood-brain  barrier  (BBB),  which  limits  the  transport  of  therapeutic 
molecules  from  the  blood  compartment  into  the  brain,  thus  greatly  reducing  the 
species  of  therapeutic  compounds  that  can  be  efficiently  accumulated  in  the  central 
nervous  system  (CNS).  Various  strategies  have  been  proposed  for  improving  the 
delivery  of  drugs  to  the  brain,  and  numerous  invasive  and  noninvasive  methods 
have  been  proposed  by  different  scientists  in  an  attempt  to  circumvent  the  BBB  and 
to  increase  the  delivery  of  drug  compounds  into  the  brain.  An  interesting  alterna- 
tive, which  solves  this  problem  and  also  that  of  reaching  a  suitable  target  in  the 
CNS,  has  recently  been  provided  through  the  use  of  nanoparticulate  colloidal 
devices  as  a  noninvasive  technique  for  drug  delivery  to  the  brain.  These  systems 
offer  diverse  advantages  over  invasive  strategies,  because  (a)  they  are  designed 
using  biocompatible  and  biodegradable  materials;  (b)  they  avoid  the  disruption  and/ 
or  modification  of  the  BBB;  and  (c)  they  modulate  the  biopharmaceutical  properties 
of  the  entrapped  drugs.  Moreover,  the  possibility  of  targeting  specific  brain  tissue, 
thanks  to  ligands  linked  to  the  surface  of  the  nanoparticulate  colloidal  devices, 
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confers  the  necessary  characteristics  for  the  treatment  of  CNS  pathologies  to  these 
drug  carriers. 

This  section  emphasizes  recent  research  on  different  aspects  of  chitosan-based 
functional  nanomaterials,  including  applications  of  chitosan-based  functional  metal 
nanoparticles  (gold,  iron  oxide,  and  silica),  carbon-based  nanomaterials  (CNTs, 
graphene  and  fullerene),  quantum  dots,  and  liposomes  for  tissue  engineering, 
wound  dressing,  drug  delivery,  cancer  diagnosis,  and  some  industrial  applications. 

Multifunctional  nanocarriers  based  on  chitosan/gold  nanorod  (chitosan-AuNR) 
hybrid  nanospheres  have  been  successfully  synthesized  [205].  The  anticancer  drug 
cisplatin  was  subsequently  loaded  into  the  obtained  hybrid  nanospheres,  utilizing 
the  loading  space  provided  by  the  chitosan  spherical  matrix.  In  vitro  cell 
experiments  demonstrated  that  the  chitosan-AuNR  hybrid  nanospheres  can  be 
utilized  not  only  as  contrast  agents  for  real-time  cell  imaging  but  also  as  a  near- 
infrared  thermotherapy  nanodevice  to  achieve  irradiation-induced  cancer  cell  death 
owing  to  the  unique  optical  properties  endowed  by  the  encapsulated  gold  nanorods. 
An  amperometric  glucose  biosensor  was  synthesized  by  co-deposition  of  glucose 
oxidase  with  chitosan-gold  nanoparticles  (chitosan-AuNP)  on  glassy  carbon 
electrodes  modified  with  gold-Prussian  blue  nanoparticles  [206].  By  reducing 
HAuCl4  with  the  chemilumine scent  reagent  luminol  in  the  presence  of  hydrophilic 
polymer  chitosan,  three-dimensional  (3D)  flowerlike  gold  nanostructures  were 
synthesized  via  a  convenient  one -pot  method  [207].  Due  to  their  shape-dependent 
surface  plasmon  resonance  (SPR)  properties  and  specific  surface  structures,  these 
gold  nanostructures  might  also  have  great  potential  for  applications  in  biomedicine 
and  surface-enhanced  Raman  scattering.  Hortiguela  et  al.  [208]  reported  a  simple 
synthetic  route  to  induce  chitosan  gelation  by  the  in  situ  formation  of  AuNPs  and  its 
application  in  the  processing  of  macroporous  scaffolds.  A  novel  glucose  biosensor 
based  on  immobilization  of  glucose  oxidase  in  thin  films  of  chitosan  containing 
nanocomposites  of  graphene  and  AuNPs  at  a  gold  electrode  was  developed  [209] . 
The  graphene/AuNs/glucose  oxidase  /chitosan  composite  film  shows  a  prominent 
electrochemical  response  to  glucose,  which  makes  it  a  promising  application  for 
electrochemical  detection  of  glucose.  Gee  et  al.  [210]  reported  synthesis  of  novel 
fluorescent  chitosan-coated  magnetic  nanoparticles  and  their  use  in  high-efficiency 
cellular  imaging.  They  evaluated  the  feasibility  and  efficiency  of  labeling  cancer 
cells  (SMMC-7721)  with  these  nanoparticles.  Liu  et  al.  [211]  synthesized  magnetic 
chitosan  nanocomposites  on  the  basis  of  amine-functionalized  magnetite 
nanoparticles  for  the  application  of  heavy  metal  ion  removal  from  water.  A  tyrosi- 
nase biosensor  based  on  a  Fe304-chitosan  nanocomposite  has  been  developed  for 
the  amperometric  detection  of  dopamine  by  the  biocatalytically  liberated 
dopaquinone  at  —0.25  V  versus  a  saturated  calomel  electrode  [212].  Kaushika 
et  al.  [213]  reported  urease  and  glutamate  dehydrogenase  co-immobilized  onto  a 
SPION-chitosan-based  nanobiocomposite  film  deposited  onto  an  indium-tin  oxide 
(ITO)-coated  glass  plate  via  physical  adsorption,  and  its  use  for  urea  detection.  Liu 
et  al.  [214]  synthesized  nanosized  silica  particles  with  sulfonic  acid  groups  as  a 
crosslinker  for  chitosan  to  form  chitosan-silica  complex  membranes,  which  were 
applied  to  pervaporation  dehydration  of  ethanol-water  solutions. 
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Qui  et  al.  [215]  designed  functionalized  MWCNTs  incorporated  into  a  chitosan 
membrane  for  separation  of  ethanol-water  mixtures  by  pervaporation.  Venkatesan 
et  al.  [216]  synthesized  chitosan  with  natural  hydroxy  apatite  (HAp)  derived  from 
Thunnus  Obesus  bone  and  chitosan  grafted  with  functionalized  MWCNTs  in  addition 
to  HAp  (f-MWCNT-g-chitosan/HAp)  scaffolds  for  bone  tissue  engineering 
applications.  A  bionanocomposite  film  consisting  of  glucose  oxidase/Pt/functional 
graphene  sheets/chitosan  for  glucose  sensing  was  reported  [217].  With  the 
electrocatalytic  synergy  of  functional  graphene  sheets  and  Pt  nanoparticles  to  hydro- 
gen peroxide,  a  sensitive  biosensor  with  a  detection  limit  of  0.6  uM  glucose  was 
achieved.  Biofunctionalization  and  manipulation  of  graphene  nanosheets  are  impor- 
tant for  biomedical  research  and  application.  In  this  connection,  chitosan-modified 
graphene  nanosheets  were  successfully  prepared  under  microwave  irradiation  in  NJV- 
dimethylformamide  medium,  which  involved  the  reaction  between  the  carboxyl 
groups  of  the  graphene  oxide  nanosheets  and  the  amido  groups  of  chitosan,  followed 
by  the  reduction  of  graphene  oxide  nanosheets  into  graphene  nanosheets  using 
hydrazine  hydrate  [218].  Fan  et  al.  [219]  reported  graphene/chitosan  films  prepared 
by  a  solution-casting  method  and  the  biocompatibility  of  graphene/chitosan  compos- 
ite films  was  checked  by  tetrazolium-based  colorimetric  assays  in  vitro. 

Lin  et  al.  [201]  prepared  CdSe/ZnS  QD-encapsulated  chitosan  hybrid 
nanospheres.  They  demonstrated  that  these  hybrid  nanospheres  can  be  internalized 
by  tumor  cells  and,  hence,  act  as  a  labeling  agent  in  cell  imaging  by  optical 
microscopy.  Further,  the  nanospheres  can  be  used  for  imaging  of  tumors  in 
tumor-bearing  mice  via  intratumoral  administration  and  can  accumulate  at  the 
tumor  site  via  the  blood  circulation  after  intravenous  injection.  Jayshree  et  al. 
[220]  prepared  chitosan-ZnS  QDs  conjugated  with  mannose  ligand  for  targeted 
cancer  imaging.  Their  study  highlighted  the  applicability  of  polysaccharide- 
protected  and  mannosylated  fluorescent  ZnS  nanoprobes  for  active  targeting  of 
cancer  cells.  Yuan  et  al.  [221]  reported  research  on  the  synthesis  of  blue-light 
emitting  ZnO  QDs  combined  with  biodegradable  chitosan  (Af-acetylglucosamine) 
for  tumor-targeted  drug  delivery. 

Wang  et  al.  [222]  prepared  cholesterol  succinyl  chitosan-anchored  liposomes 
(CALs)  and  investigated  their  characterization,  physical  stability,  and  drug  release 
behavior  in  vitro.  Compared  with  plain  liposomes  and  chitosan-coated  liposomes, 
CALs  had  larger  sizes,  higher  zeta  potentials,  and  better  physical  stability  after 
storage  at  4  ±  2°C  and  25  ±  2°C.  Wang  et  al.  [223]  prepared  folate-PEG-coated 
polymeric  liposomes  formed  from  octadecyl-quaternized  lysine-modified  chitosan 
and  cholesterol.  They  demonstrated  that  the  folate-PEG-coated  polymeric 
liposomes  could  be  a  useful  drug  delivery  system. 

Functional  nanomaterials  are  a  powerful  tool  for  bottom-up  techniques  in  addi- 
tion to  the  simplicity  of  large-scale  preparation  and  the  low  manufacturing  cost. 
Within  a  short  time  span,  nanomaterials  will  be  used  in  multiple  examples  of 
electronic,  sensor,  optical,  and  other  devices.  One  of  the  great  benefits  of  self- 
organized  systems  is  that  they  can  easily  traverse  different  scales  and  be  integrated 
with  microscale  devices.  From  that  point  of  view,  the  chitosan-based  functional 
nanomaterials  will  find  more  opportunities  and  success. 
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6    Concluding  Remarks 

In  order  to  successfully  prepare  and  functionalize  nanomaterials  for  a  given  biomed- 
ical application,  a  wide  range  of  physical,  chemical,  biological,  and  physiological 
factors  and  conditions  must  be  taken  into  account.  Strategies  for  synthesis  of 
functional  nanomaterial  provide  excellent  properties.  Because  these  nanomaterials 
also  allow  internal  and  external  surfaces  to  display  disparate  functional  groups, 
template-synthesized  materials  are  very  attractive  starting  points  for  drug  delivery 
vehicles,  bioimaging,  biolabeling,  etc.  Several  key  advances  have  recently  been 
made  that  bring  this  goal  closer  to  reality.  Functional  nanomaterials  can  now  be 
utilized  from  a  much  broader  range  of  materials  that  include  biocompatible 
and  biodegradable  materials  such  as  amino  acids,  polymers,  DNA,  chitosan, 
and  alginate.  This  chapter  has  focused  especially  on  chitosan-based  functional 
nanomaterials  as  a  current  developing  interest.  In  the  near  future,  these  advances 
will  be  combined  for  drug-delivery,  bioimaging,  and  other  studies  in  cell  culture  and, 
more  importantly,  in  whole  species. 
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Nanoparticles  for  Gene  Delivery  into  Stem  Cells 
and  Embryos 
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Abstract  Gene  delivery  is  an  important  issue  in  embryo  and  stem  cell  studies  for 
transgenic  animal  production,  cell  fate  regulation,  gene  therapy,  generation  of 
patient-specific  stem  cells  for  cell-based  therapy,  cell  tracing  and  imaging.  Gene 
delivery  has  been  classically  achieved  by  a  variety  of  methods  that  use  a  viral  or  a 
non-viral  vector  packaged  with  the  nucleic  acid  of  interest.  In  the  last  decade, 
several  newer  approaches  to  gene  delivery  have  emerged  that  utilize  nanomaterials 
to  provide  an  efficient,  safe  and  targeted  gene  delivery,  both  in  vitro  and  in  vivo. 
These  nanomaterials,  including  polymeric  nanoparticles,  ceramic  nanoparticles, 
magnetic  nanoparticles,  polymeric  micelles  and  dendrimers,  modify  the  kinetics, 
distribution  and  release  of  the  genes  into  the  cells  and,  thereby,  increase  the 
efficiency  of  gene  delivery.  This  chapter  describes  the  available  nanoparticle- 
based  gene  delivery  systems  and  their  utility  in  stem  cells  for  maintaining 
self-renewal,  pluripotency  and/or  targeted  differentiation  into  specific  cell  types 
for  cell-based  therapy  and/or  gene  therapy.  The  chapter  further  discusses  and 
reviews  the  progress  and  future  of  nanoparticles  for  generation  of  transgenic  animals 
via  gene  delivery  into  embryos  -  a  research  area  that  is  yet  to  be  fully  explored. 
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1  Introduction 

Genes  can  be  introduced  into  mammalian  cells  primarily  by  two  methods:  non- viral 
and  viral  vector  methods.  The  viral  vector  method  is  very  efficient  in  gene  delivery 
but  carries  safety  risks  and  could  be  a  biohazard.  Integration  and  accidental 
re-activation  of  viral  vectors  into  the  host  genome  may  result  in  aberrant  gene 
expression,  immune  reaction  and  carcinogenesis.  Possible  recombination  of  viral 
vector  with  endogenous  retroviral  sequences  may  also  form  a  self-replicative  virus 
to  cause  diseases  or  induce  mutations.  Non- viral  gene  delivery  methods  are  there- 
fore, attractive.  Electroporation  and  lipid-based  gene  delivery  (lipofection)  have 
been  a  common  methodology  for  years.  However,  in  recent  years,  nanoparticle 
(NP) -based  gene  delivery  methods  have  aroused  intense  interest  among  researchers 
owing  to  their  convenience  in  manufacturing,  handling  and  use  (Fig.  1).  The 
versatility  of  the  nanotechnology  platform  has  allowed  tailoring  of  NPs  for  their 
size,  contents  and  surface  electronic  properties  by  relatively  simple  physical  and/or 
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Fig.  1  Non-viral  gene-delivery  options  for  stem  cells 

chemical  methods  in  order  to  use  them  as  gene  delivery  vehicles.  NP-based 
gene  delivery  methods  can  also  be  designed  to  have  additional  functionality  such 
as  cell-specific  gene  targeting,  multigene  delivery,  controlled  gene  delivery, 
enhanced  cellular  uptake  of  genes  and  environment-sensitive  degradability.  Several 
types  of  NPs,  including  magnetic  NPs,  carbon  nanotubes  and  several  well-known 
synthetic  cationic  polymers  and  copolymers  such  as  polyethyleneimine  (PEI),  poly 
(L-lysine)  (PLL),  polyamidoamine  dendrimer,  dextran,  derivatized  chitosan,  poly 
[(2-methylamino)  ethyl  methacrylate],  polylactide  (PLA),  polylactide-coglycolide 
(PLGA),  etc.,  have  been  explored  for  their  commercial  utilization  for  effective 
gene  delivery  in  vitro  as  well  as  in  vivo. 


2    Non-viral  Options  for  In  Vitro  Gene  Delivery  into  Cells 
2.1    Naked  DNA 

Naked  DNA  possesses  little-to-no  ability  to  transfect  mammalian  cells,  with  the 
exception  of  muscle  cells  [1].  Physical  methods  such  as  direct  microinjection  and 
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electroporation  are,  therefore,  commonly  incorporated  into  naked  DNA  delivery 
methods.  These  methods  induce  temporary  holes  in  the  plasma  membrane,  which 
allows  easy  entry  of  the  naked  DNA  into  the  cells.  Among  the  two  commonly  used 
methods,  direct  microinjection  requires  special  equipment  (cell  injector)  and 
training  but  is  suitable  for  non-dividing  cells  such  as  neurons  and  for  large- sized 
cells  such  as  oocytes  and  embryos.  Electroporation,  on  the  other  hand,  is  an  efficient 
method  of  naked  DNA  delivery  but  can  result  in  a  high  rate  of  cellular  death  due  to 
the  electrical  stimulation.  Unfortunately,  despite  efficient  delivery  into  the  cells, 
gene  integration  into  host  genome  and  subsequent  gene  expression  efficiency  has 
been  very  low  in  both  the  methods.  This  is  primarily  due  to  their  degradation  in 
cytoplasm  by  nuclease  enzymes,  sequestration  by  DNA-binding  proteins  and 
cytoskeletal  elements  in  the  cytoplasm  and  their  inability  to  cross  the  nuclear 
membrane. 


2.2    Compacted  DNA  (DNA  NPs) 

DNA  is  negatively  charged  and,  therefore,  can  be  condensed  by  polycations  that 
range  from  inorganic  polycations  to  organic  polyamines  to  polypeptides  such  as 
poly  lysine  and  protamine.  Because  condensed  DNAs  are  compacted,  they  are  less 
accessible  to  nuclease  degradation  in  the  cytoplasm  and  can  cross  the  nuclear 
membrane  at  an  increased  efficiency.  Studies  have  shown  that  naked  DNA 
(~ 1,200  nm  [2])  can  acquire  toroidal  (~50  nm  [3]),  ellipsoidal  (~22  x  50  nm  [4]), 
rod-shaped  (-8-11  x  200  nm  [4])  and  spherical  (~130  nm  [2])  configuration  upon 
compaction  by  polycations  such  as  spermine,  CK30-PEG  trifluoroacetate,  COO- 
PEG  acetate  and  PEG-POD,  respectively,  in  the  nanometre  size  range  and, 
accordingly,  may  technically  be  called  DNA  NPs. 

The  shape  and  size  of  the  DNA  NPs  and  the  percentage  of  the  DNA  that 
condenses  can  be  controlled  by  controlling  the  length  of  the  polycation,  the 
concentration  of  the  salt  (e.g.  NaCl),  the  molecular  charge  ratio  of  polycation: 
DNA  and  the  type  of  counterion  [5-7].  The  polycation  may  also  impart  additional 
functionality  such  as  cell-type-specific  gene  delivery.  For  example,  DNA 
compacted  with  galactosylated  polylysine  can  specifically  target  hepatocytes, 
which  express  the  asialoglycoprotein  receptor  [7].  Similarly,  polylysine  can  be 
PEGylated  to  avoid  the  likelihood  of  particle  aggregation  [7].  When  properly 
compacted  and  processed,  DNA  NPs  are  homogeneous  in  size  and  shape,  consist 
only  of  compacted  DNA,  do  not  form  aggregates,  are  colloidally  stable  in  physio- 
logical salt  concentrations  and  protect  the  DNA  from  digestion  by  cytoplasmic 
nuclease.  Nonetheless,  problems  associated  with  electroporation  and  microinjec- 
tion methods  of  introducing  the  DNA  or  DNA  NPs  into  the  cells  cannot  be  solved 
by  DNA  compaction  alone. 
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2.3    Liposomes  and  Lipoplexes 

Negatively  charged  DNA  can  also  be  condensed  by  cationic  lipids.  Further,  cationic 
lipids  can  form  clusters  of  aggregated  vesicles  (liposomes)  to  encapsulate  the  DNA 
within  a  lipid  bilayer  to  form  a  lipoplex.  Because  liposomes  can  interact  and  fuse 
with  the  cell  membrane,  DNA  can  be  delivered  directly  across  the  plasma  mem- 
brane. Consequently,  liposome-mediated  gene  delivery  (lipofection)  has  become  a 
common  protocol  for  gene  delivery  in  a  variety  of  cell  types,  and  several  commer- 
cial products  are  now  available  on  the  market.  Cationic  liposomes  can  be  formed 
from  a  variety  of  cationic  lipids  including  A/-[l-(2,3-dioleoyloxy)propyl]-A^A^Af- 
trimethylammonium-methyl  sulfate  (DOTAP)  and  A^-[l-(2,3-dioleoyloxy)  propyl]- 
A^^V,A^-trimethyl  ammonium  chloride  (DOTMA).  A  neutral  lipid  such  as 
l,2,-dioleoyl-3-phosphatidylethanolamine  (DOPE)  is  often  included  in  the  formu- 
lation to  facilitate  membrane  fusion  and  to  destabilize  the  liposomes  for  DNA 
release  in  the  cytoplasm. 

Liposomes  and  lipoplexes  are  usually  self-assembling,  easy  to  prepare  and 
biodegradable.  They  allow  increased  uptake  of  naked  DNA  and  DNA  NPs.  They 
can  also  be  combined  with  polycations  to  form  lipid-DNA  NPs.  Caracciola  et  al. 
[8]  observed  that  lipid-protamine-DNA  (LPD)  NPs  were  more  efficient  than 
lipoplexes  for  gene  delivery  in  CHO  (Chinese  hamster  ovary  cells),  HEK293 
(human  embryonic  kidney  cells),  NIH  3T3  (mouse  embryonal  cells)  and  A 17 
(murine  cancer  cells)  cells.  Unfortunately,  cationic  liposomes  exhibit  significant 
variability  in  gene  delivery  efficiency  and  are  often  toxic  to  cells. 


2.4   NP-Based  Gene  Delivery 

Gene  delivery  NPs  can  be  formulated  from  diverse  materials  with  unique 
architectures  and  loaded  with  DNA  by  condensation,  encapsulation,  surface  attach- 
ment or  entrapment.  They  offer  multifold  advantages  over  other  methods  of  gene 
delivery: 

-  Due  to  their  small  size,  NPs  can  efficiently  penetrate  across  the  cell  membrane 
barrier  to  increase  the  efficiency  of  gene  delivery. 

-  NPs  can  modify  the  condensation  and  physico-chemical  state  of  the  loaded  DNA 
to  protect  them  against  cytoplasmic  nuclease. 

-  Unlike  many  viral  vectors,  use  of  NPs  is  not  limited  by  DNA  size.  They  are 
capable  of  delivering  large- sized  DNA  having  multiple  regulatory  sequences. 
They  can  also  be  used  to  deliver  multiple  genes  simultaneously. 

-  Functionality  of  the  NPs  can  be  tailored  for  specific  or  multiple  bioactivities, 
such  as  controlled  release  of  genes,  cell-type- specific  gene  delivery  and  environ- 
mentally sensitive  degradability,  etc.  Use  of  NPs  may  also  allow  the  delayed 
release  of  DNA  into  cells  until  the  cells  enter  mitosis  and  dissolve  their  nuclear 
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envelope  to  allow  increased  chances  of  interaction  with  host  genome  and,  hence, 
increased  success  of  gene  integration. 

-  NPs  are  relatively  easier  to  make,  less  expensive  and  more  stable  during  long- 
term  storage.  Furthermore,  they  can  be  tested  for  the  absence  of  endotoxins  and 
other  harmful  ingredients  and,  therefore,  are  safe  to  use. 

-  Because  NPs  can  be  synthesized  chemically,  free  of  animal-derived 
components,  they  are  ideal  for  use  when  absence  of  animal-derived  components 
is  a  priority,  for  example,  in  biopharmaceutical  applications.  Absence  of  animal- 
derived  components  may  also  facilitate  regulatory  compliance. 

-  The  absence  of  lipids  in  non-lipid-based  NPs  makes  them  suitable  in  lipid  or 
signal  transduction  research. 

-  In  the  field  of  transgenesis,  NP-mediated  gene  delivery  might  be  useful  in 
species  for  which  conventional  methods  of  gene  delivery  are  not  effective 
(e.g.  chicken). 


3    Types  of  NPs  Used  for  In  Vitro  Gene  Delivery  into  Cells 
3.1    Inorganic  NPs 

3.1.1    Metal  and  Metal-Based  NPs 

Gold  (Au)  and  silver  (Ag)  NPs  are  the  two  most  frequently  commercialized  NPs 
for  variety  of  uses.  Of  the  two,  AuNPs  have  been  at  the  forefront  of  metal  NP 
research  investigating  gene  delivery  applications,  owing  to  their  well-established 
surface  chemistry  and  physico-chemical  properties.  AuNPs  are  biocompatible, 
nontoxic  and  are  relatively  easy  to  synthesize  in  a  range  of  sizes  by  simple,  cheap 
and  reliable  methods.  DNA  loading  and  release  from  AuNPs  are  governed,  for  the 
most  part,  by  hydrogen  bonding  and  Au-thiol  chemistry  [9-11].  Consequently, 
gene  delivery  using  AuNPs  has  been  well  demonstrated  by  several  researchers 
[12,  13].  AgNPs  were,  however,  found  to  have  cytotoxic  and  genotoxic  potential 
in  mammalian  cells  such  as  human  mesenchymal  stem  cells  (MSCs)  [14]  and, 
hence,  are  not  normally  used. 

Several  authors  have  also  functionalized  AuNPs  for  controlling  the  manner,  place 
and  timing  of  DNA  release.  When  AuNPs  were  functionalized  with  polyethylene- 
glycol-orthopyridyl-disulfide  (PEG-OPS  S),  the  loaded  DNA  could  be  released  from 
the  AuNPs  by  laser  irradiation  at  a  power  density  value  of  80  mJ/pulse  without  any 
fragmentation  of  DNA  [15].  Chen  et  al.  [16]  attached  thiol-modified  DNA  to  the 
surface  of  Au  nanorods  through  Au-S  bonds.  When  femtosecond  NIR  irradiation 
was  applied  to  the  Au  nanorod-DNA  conjugates,  a  change  of  shape  from  rod  to 
sphere  was  observed,  which  induced  the  release  of  DNA.  A  similar  phenomenon 
was  described  by  Takahashi  et  al.  [17].  Wijaya  et  al.  [18]  further  showed  that  Au 
nanorods  can  be  used  to  selectively  release  multiple  DNA.  Electroporation  is  yet 
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another  external  stimulus  that  can  be  used  to  release  genes  from  AuNPs.  Kawano 
et  al.  [19]  showed  that  electroporation  can  be  used  to  release  the  DNA  from  AuNPs 
modified  with  mPEG-SH5000.  Bimetallic  NPs,  made  up  of  alloyed  combination 
of  Au  and  Ag  in  the  form  of  nanorods,  have  also  been  used  for  gene  delivery  [20]. 
Thus,  metallic  NPs  offer  an  opportunity  to  remote-control  gene  delivery. 


3.1.2    Magnetic  NPs  (Magnetofection) 

Magnetic  NPs  (MNP)  have  recently  gained  great  interest  as  non-viral  carriers  for 
gene  delivery  [21].  In  this  system,  DNA  can  be  attached  to  MNPs  (normally  in 
suspension)  and  introduced  into  the  cell  culture  medium.  The  DNA-MNP 
complexes  (called  "Magnetoplex")  are  then  focused  to  the  target  cells  by  applying 
a  high-field  or  high-gradient  magnetic  force  produced  by  rare  earth  magnets  (or 
electromagnets)  placed  below  the  cell  culture  to  increase  the  sedimentation  of  the 
complex.  Upon  binding  to  the  cell  surface,  the  Magnetoplex  can  be  taken  up  by 
endocytosis  and  the  DNA  is  released  from  the  MNPs  intracellularly.  The  transfec- 
tion  efficiency  can  be  further  increased  by  using  an  oscillating  magnetic  force 
[22,  23]  and  MNP  heating  [24,  25].  The  technique  (called  magnetofection) 
promotes  rapid  transfection  with  increased  gene  delivery  efficiency  and,  conse- 
quently, many  static-field  magnetofection  systems  are  now  available  commercially. 

The  MNPs  generally  consist  of  superparamagnetic  iron  oxide  NPs  (SPION) 
(magnetite,  Fe304,  or  maghemite,  Fe203),  which  magnetize  strongly  under  an 
external  magnetic  field  but  retain  no  permanent  magnetism  upon  removal  of  the 
magnetic  field  at  room  temperature.  This  property  prevents  aggregation  or 
clumping  and,  thereby,  helps  in  easy  dispersal.  However,  SPION  can  readily 
agglomerate  to  form  large  particles  in  aqueous  solutions  of  ~pH  7.  Thus,  for  use 
as  MNPs,  they  are  either  encapsulated  within  a  polymer  (PEG,  poly-L-lactic  acid)  or 
metallic  (gold,  silver)  shell  or  are  dispersed  within  a  polymer  matrix  (silica, 
polyvinyl  alcohol,  polyvinylpyrrolidone  or  dextran).  Pre-coating  of  the  MNPs 
also  makes  them  biostable,  biodegradable  and  nontoxic.  The  shell  or  matrix  can 
be  functionalized  by  attaching  carboxyl  groups,  amines,  biotin,  streptavidin, 
antibodies,  etc.  to  promote  uptake  by  the  target  cells,  prevent  aggregation  and 
increase  transfection  efficiency  and  reduce  cytotoxicity.  Several  types  of  coating 
agents  have  been  used,  including  anionic  surfactants  (oleic  acid,  lauroyl 
sarcosinate),  nonionic  water-soluble  surfactant  (Pluronic  F-127),  fluorinated  sur- 
factant (lithium  3-[2-(perfluoroalkyl)  ethylthio] propionate),  polymers  (PEG,  PLL, 
poly(propyleneimine)  dendrimers),  carbohydrates  (chitosan,  heparan  sulfate),  silica 
particles  (MCM48),  proteins  (serum  albumin,  streptavidin),  hydroxy  apatite, 
phospholipids,  cationic  cell-penetrating  peptide  (TAT  peptide),  non-activated 
virus  envelope  (HVJ-E),  transfection  reagent  (Lipofectamine  2000)  and  viruses 
(adenovirus,  retrovirus).  See  [23, 26]  for  a  detailed  review.  These  coating  agents  are 
often  used  in  conjunction  with  PEI,  which  not  only  binds  with  DNA  to  the  MNPs 
but  also  serves  as  a  NP  dispersant  [27]. 
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3.1.3    Ceramic  NPs 

Ceramic  materials  such  as  silica,  zirconium  phosphate,  cerium  oxide  (Ce02,  ceria), 
aluminium  oxide  (A1203,  alumina),  yttrium  oxide  (Y203,  yttria),  etc.  have  received 
very  little  attention  for  gene  delivery  applications.  Of  the  various  ceramic  materials, 
silica  NPs  were  shown  to  protect  the  loaded  DNA  against  denaturation  induced  by 
changes  in  the  external  pH  and  temperature  and,  thus,  have  potential  for  use  as  non- 
viral  gene  delivery  vectors.  Consequently,  several  authors  have  used  surface- 
modified  (multifunctional)  silica  NPs  to  deliver  DNA  [28-31].  Kim  et  al.  [32] 
have  used  silicon  nano wires  to  deliver  GFP-encoding  plasmid  DNA  (pDNA). 
Organically  modified  silica  (ORMOSIL)  NPs  have  also  been  used  as  a  non-viral 
vector  for  gene  delivery  [28,  33].  Unfortunately,  silica  NPs  showed  cytotoxicity 
that  increases  with  increase  in  dose,  exposure  duration  and  metabolic  activity  of  the 
cell  [34] .  Exposure  of  cells  to  silicon  oxide  resulted  in  increased  activity  of  reactive 
oxygen  species  (ROS)  and  reduced  glutathione  levels,  indicating  an  increased 
oxidative  stress  [35]. 


3.1.4    Carbon  Nanofibers  and  Nanotubes 

Carbon  nanofibers  and  nanotubes  have  also  shown  great  promise  for  non- viral  gene 
delivery.  Cai  et  al.  [36]  used  a  technique  called  "nanotube  spearing"  wherein  DNA 
can  be  attached  to  nickel-embedded,  elongated,  magnetic  nanotubes  that  can  be 
aligned  parallel,  like  spears,  to  penetrate  the  cell  membrane  along  the  lines  of  a 
magnetic  flux.  The  penetration  of  cell  membrane  helps  in  delivery  of  the  genes  into 
the  cells.  With  this  method,  nearly  100%  cell  viability  was  reported  with  high 
transfection  efficiency  [36,  37].  Vertically  aligned  carbon  nanofibers  have  also  been 
used  to  deliver  multiple  genes  into  the  cell  [38,  39].  However,  others  have  shown 
potential  toxicity  of  carbon  nanofibers  and  nanotubes. 


3.2    Organic  NPs 

3.2.1    Polyionic  Bioreducible  Polymers 

Polycationic  polymers  having  disulfite  linkages  in  their  polymeric  structures  have 
been  extensively  investigated  for  use  as  non- viral  gene  delivery  systems.  These 
polycations  not  only  polyplex  the  negatively  charged  DNA  to  condense  and  protect 
them  against  nuclease  digestion  but  also  release  the  loaded  DNA  intracellularly 
upon  breakage  of  disulfite  linkages  by  the  reducing  environment  of  the  cytoplasm. 
These  polycationic  bioreducible  polymers  show  reduced  cytotoxicity  and  controlled 
intracellular  release  of  DNA,  leading  to  increased  transfection  efficiency.  Examples 
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of  bioreducible  polymers  include  PEI,  polyion  complex  (PIC)  micelles,  poly- 
amidoamine  (PAA)  and  polypeptides. 

PEI  and  PEI  Conjugates 

PEI  is  polycationic  polymer  that  can  polyplex  DNA  at  low  PEI:  DNA  ratios  and  is 
easily  taken  up  by  cells  through  endocytosis.  Within  the  endosome,  the  amine 
groups  of  PEI  can  buffer  the  protons  to  undergo  mechanical  swelling  (proton 
sponge  effect),  increase  intra-endosomal  osmotic  pressure  and,  thereby,  promote 
endosomal  disruption  that  can  lead  to  efficient  endosomal  escape  of  the  polyplex 
[40].  Thus,  PEI  can  result  in  increased  success  of  gene  delivery.  Unfortunately,  PEI 
was  shown  to  have  high  cytotoxicity  that  increased  with  increase  in  its  molecular 
weight. 

Studies  have  shown  that  conjugation  of  PEI  with  disulfite  linkages  in  their 
polymeric  structure  can  impart  bioreducible  properties,  increase  intracellular  release 
of  the  DNA  and  reduce  cytotoxicity.  Crosslinking  of  low  molecular  weight  PEI  with 
a  homo-bifunctional  and  amine-reactive  crosslinker  such  as  dithiobis(succini- 
midylpropionate)  (DSP)  and  dimethyl  3,30-dithiobispropionimidate.2HCl  (DTBP) 
[41,  42],  cystamine  bisacrylamide  (CBA)  [43]  or  methylthiirane  (thiolation)  [44] 
significantly  reduced  cytotoxicity  and  improved  gene  delivery  efficiency.  In 
a  comparative  study,  Breunig  et  al.  [45]  reported  that  disulfide  crosslinked  low 
molecular  weight  linear  PEIs  (polycationic  bioreducible  PEIs)  had  higher  transfec- 
tion  efficiency  and  lower  cytotoxicity  than  commercial  transfection  reagents  such  as 
PolyFect,  SuperFect,  Lipofectamine,  FuGENE6  or  JetPEI.  These  beneficial  effects 
were  observed  with  both  linear  [46]  and  branched  PEIs  [47] . 

Acetylation  [48]  and  PEGylation  [49,  50]  were  also  shown  to  influence  the  gene 
delivery  efficiency  of  PEI.  Hosseinkhani  et  al.  [48]  reacted  PEI  with  acetic  anhy- 
dride to  acetylate  80%  of  the  primary  and  20%  of  the  secondary  amines.  This 
acetylated  PEI  was  shown  to  have  enhanced  gene  delivery  efficiency  over  unmodi- 
fied PEI  for  MSCs.  Chen  et  al.  [51]  showed  that  a  PEG-PEI  copolymer  had  better 
gene  delivery  efficiency  than  cationic  liposomes  and  did  not  affect  the  bionomics, 
proliferation  and  differentiation  potential  of  MSCs. 

Others  have  used  PEI  to  coat  the  biopolymers  to  form  NPs.  The  PEI  coated  on 
biopolymers  caused  polyplexing  of  DNA  [52,  53]  while  the  biopolymers 
increased  the  cellular  uptake  [54]  and  reduced  the  cytotoxicity  [55]  by  modifying 
the  surface  charge  and  dispersing  the  stability  and  buffering  capacity  of  the 
resulting  NPs  [55].  The  PEI  coated  on  biomaterials  such  as  hyaluronan  (HA) 
also  helped  in  controlled,  sustained  and  prolong  release  of  the  DNA  [55].  Park 
et  al.  [56]  polyplexed  four  genes  (SOX5,  SOX6  and  SOX9  genes  fused  to  GFP, 
YFP  or  RFP  marker)  with  PEI  coated  onto  PLGA  NPs  and  obtained  -80% 
transfection  efficiency  in  human  MSCs.  By  polyplexing  with  PEI,  the  cell-uptake 
ability  of  the  DNA-loaded  NPs  was  enhanced  for  both  in  vitro  and  in  vivo  culture 
systems,  including  human  MSCs  [56].  Jeon  et  al.  [54]  achieved  co-delivery  of 
DNA  and  siRNA  into  human  MSCs  by  complexing  them  with  PEI  coated  on 
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PLGA  NPs.  Mahor  et  al.  [52]  used  branched  PEI  as  a  transfecting  agent  for  DNA 
encapsulated  in  HA  biomaterials  and  obtained  significantly  higher  expression 
levels  than  for  naked  DNA. 


PIC  Micelles 

PIC  micelles  are  self-assembling  co-polymers  consisting  of  a  core  of  hydropho- 
bic blocks  (e.g.  PLL,  PEI)  stabilized  by  a  corona  of  hydrophilic  polymeric  chains 
(e.g.  PEG).  They  have  a  core-shell  structure  with  high  water- solubility  and 
colloidal  stability  and  have  polycation  properties  that  are  capable  of  condensing 
and  compacting  the  negatively  charged  DNA.  Attachment  of  disulfite  linkages  to 
the  PIC  micelles  impart  bioreducible  properties,  with  reduced  cytotoxicity  and 
increased  ability  to  release  the  loaded  DNA  inside  the  cells.  Kakizawa  et  al.  [57] 
showed  that  thiolated  PEG-PLL  micelles  could  successfully  encapsulate  the 
oligonucleotides,  enter  the  cells  by  endocytosis  and  efficiently  release  the  loaded 
oligonucleotides  in  response  to  the  reducing  intracellular  environment  of  the 
cells.  Oishi  et  al.  [58]  used  thiolated  PEG-PEI  to  take  advantage  of  the  "proton 
sponge  effect"  of  the  PEI  in  endosomal  release.  These  PIC  micelles  showed 
higher  gene  delivery  efficiency  than  those  of  thiolated  PEG-PLL.  When 
oligonucleotides  were  conjugated  to  PEG  via  disulfide  linkages  and  complexed 
with  PEI  to  form  poly  electrolyte  complex  (PEC)  micelles,  a  further  enhancement 
was  observed  due  to  more  effective  endosomal  escape  [59].  The  potential  of 
complexes  formed  with  naturally  occurring  biomaterials,  protamine  and  HA 
conjugates  via  a  disulfide  linkage  has  also  been  reported  as  a  safe  and  effective 
non-viral  gene  delivery  option  [60]. 


Polyamidoamine 

PAAs  can  be  synthesized  by  Michael  reaction  of  amine  monomers  and  acrylamide 
monomers.  Lin  et  al.  [61]  reported  a  series  of  novel  bioreducible  PAAs  by  Michael- 
type  polyaddition  of  various  primary  amines  [4-amino-l-butanol  (ABOL),  5-amino- 
1-pentanol  (APOL),  A^,Af-dimethyl-l,3-ethylenediamine  (DMEA),  2-(2-aminoethoxy) 
ethanol  (AEEOL),  3-methoxypropylamine  (MOP A),  3-morpholinopropylamine 
(MP A)  or  histamine  (HIS)]  with  disulfide  bond-containing  cystamine  bisacrylamide 
(CBA).  These  bioreducible  PAAs  had  higher  buffer  capacities  than  PEI  in  the 
endosomal  pH  range  and,  therefore,  contributed  to  the  greater  endosomal  escape 
of  the  polyplexes.  Of  the  above,  bioreducible  PAAs  containing  amino  alcohol 
pendant  groups  (pAPOL,  pABOL)  exhibited  the  highest  gene  delivery  efficiency 
[62].  In  another  study,  Lin  et  al.  [63]  reported  the  syntheses  of  bioreducible  PAA 
consisting  of  bioreducible  CBA  and  two  amino  groups  with  distinctly  different 
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basicity,  HIS  and  3-(dimethylamino)-l -propylamine  (DMPA).  The  copolymers  at  a 
HIS:DMPA  ratio  of  70:30  were  shown  to  combine  optimal  DNA  condensation 
ability  and  buffer  capacity  and,  thereby,  resulted  in  high  gene  delivery  efficiency 
and  lower  cytotoxicity  than  observed  with  homopolymers. 


Polypeptides 

Polypeptides  having  bioreducible  linkages  (mainly  disulfide  bonds  formed  between 
free  thiol  groups  of  cystein  residues)  and  a  net  positive  charge  can  also  be  used  for 
complexing  the  DNA  into  NPs  that  can  release  the  loaded  DNA  intracellularly. 
These  peptides  can  also  be  conjugated  to  polymers  such  as  PEG  for  enhanced  gene 
delivery  [64,  65].  Several  reductively  degradable  polycations  (RPCs)  consisting  of 
HIS  and  PLL  residues  have  also  been  developed  as  gene  delivery  carriers  by 
oxidation  of  terminal  cysteinyl-thiol  groups  [66,  67]. 

The  polypeptides  can  also  be  designed  to  ascribe  a  specific  function.  For  example, 
inclusion  of  a  nuclear  localizing  signal  (NLS),  DNA  binding  proteins  such  as  histones 
and  a  high  mobility  group  (HMG)  protein  sequence  in  the  polypeptide  can  enhance 
the  intranuclear  entry  and  gene  integration  of  the  DNA.  Manikam  and  Oupicky  [68] 
reported  the  synthesis  of  novel  reducible  copolypeptides  (rCPP)  by  an  oxidative 
copolymerization  of  a  histidine-rich  peptide  and  a  NLS  peptide.  The  rCPPs  exhibited 
minimum  cytotoxicity,  enhanced  intracellular  release  of  the  DNA  and  high  gene 
integration  rate.  Lo  and  Wang  [69]  also  designed  novel  polypeptides  incorporating 
a  Tat  sequence,  which  is  a  cationic  cell-penetrating  peptide  known  to  enhance 
the  cellular  uptake  of  various  drugs  and  proteins.  Nearly  7,000-fold  improvement 
in  gene  transfection  efficiency  was  observed.  Similar  effects  were  also  observed 
by  incorporation  of  nona-arginine  (D-R9),  which  is  a  cell-penetrating  peptide  with 
protein  transduction  domains  [70] . 


3.2.2    Biodegradable  Polymeric  NPs 

Several  biodegradable  and  biocompatible  polymers  exhibit  good  potential  for 
surface  modification  and  functionalization  and  are  good  candidates  for  non-viral 
gene  delivery.  However,  most  of  these  complexes  are  too  large  to  pass  through  the 
plasma  membrane  and  the  nuclear  pores  to  be  effective  for  gene  delivery.  In  recent 
years,  generation  of  nanoscale  polymeric  NPs,  nanospheres  and  nanocapsules  have 
revolutionized  their  utility  as  a  gene  delivery  system.  Nanospheres  have  a  matrix- 
like structure  wherein  DNA  can  be  firmly  adsorbed  at  their  surface,  entrapped  or 
dissolved  in  the  matrix.  Nanocapsules,  on  the  other  hand,  have  a  polymeric  shell 
and  an  inner  core  wherein  DNA  is  usually  dissolved  in  the  core  but  can  also  be 
adsorbed  at  their  surface.  One  advantage  of  using  polymeric  NPs  is  that  many  of  the 
polymers  (PLGA,  PL  A,  etc.)  are  already  FDA-approved  for  the  delivery  of  some 
drugs,  which  should  facilitate  their  approval  for  gene  delivery  applications. 
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Poly(beta-amino  esters) 

Poly(beta-amino  esters)  are  cationic,  hydroly  tic  ally  degradable  polymers  that  can 
be  produced  as  polymeric  NPs  for  gene  delivery.  Green  et  al.  [71]  developed  small 
(~200  nm),  positively  charged  (~10  mV),  polymeric  NPs  by  the  self  assembly  of 
poly(beta-amino  esters)  and  DNA.  These  NPs  had  four  times  greater  gene  delivery 
efficacy  than  those  observed  for  Lipofectamine  2000  in  human  embryonic  stem 
(ES)  cells.  These  materials  exhibited  minimal  toxicity  and  did  not  adversely  affect 
the  colony  morphology  or  cause  nonspecific  differentiation  of  the  ES  cells. 


Polylactide-co-Glycolide 

PLGA  is  biodegradable,  biocompatible  and  FDA-approved  biomaterial  that  has 
aroused  considerable  interest  among  researchers  developing  biodegradable  NPs  for 
gene  delivery.  PLGA  NPs  complex  with  DNA  at  a  low  PLGA: DNA  ratio  and  have 
allowed  robust  gene  expression  in  several  cell  types,  including  human  MSCs  [72]. 
They  can  be  modified  with  other  polymers  such  as  PEL  Polyplexing  with  PEI 
enhanced  the  cellular  uptake  of  DNA  complexed  to  PLGA  NPs  both  in  vitro  and 
in  vivo  [72,  73].  Park  et  al.  [56]  polyplexed  four  genes  (SOX5,  SOX6  and  SOX9 
genes  fused  to  GFP,  YFP  or  RFP  marker  genes)  with  PEI  coated  onto  PLGA  NPs 
and  obtained  ~80%  transfection  efficiency  in  human  MSCs. 


Polyethylene-Glycol 

PEG  as  such  is  not  used  as  an  NP.  Repeating  PEG  moieties  are  usually  added  to 
polymers  to  alter  electrostatic  binding  properties  and  increase  hydrophilicity  of 
NPs.  The  bulky  nature  of  PEGylated  polymers  can  also  protect  the  NPs  from 
degradation  by  cellular  enzymes,  increase  their  stability  and  prevent  aggregation. 
PEGylation  also  enhances  the  transfection  efficiency  of  NPs  [74] . 


Chitosan  and  Chitosan  Derivatives 

Chitosan  is  a  biodegradable,  biocompatible,  nontoxic,  natural  polysaccharide  consisting 
of  repeating  units  of  glucosamine  and  Af-acetyl-glucosamine,  the  proportions  of 
which  determine  the  degree  of  deacetylation  and,  hence,  the  polymer  properties 
including  solubility,  hydrophobicity  and  the  ability  to  interact  with  poly  anions. 
Chitosan  can  bind  to  the  minor  groove  of  DNA  to  condense  and  protect  it  against 
nuclease  degradation  without  affecting  the  native  conformation.  Furthermore, 
chitosan  NPs  are  stable  during  storage  and  their  preparation  does  not  require 
sonication  and  organic  solvents,  which  minimizes  possible  damage  to  DNA  during 
complexation.  Thus,  it  is  a  good  candidate  for  non-viral  gene  delivery. 
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Chitosan-DNA  NPs  (-20-500  nm)  can  be  readily  formed  by  coacervation 
between  the  positively  charged  amine  groups  on  the  chitosan  and  negatively 
charged  phosphate  groups  on  the  DNA.  The  size  of  the  NP  and  the  degree  of 
DNA  condensation  depends  upon  the  nitrogemphosphate  (amine  group  on  chitosan: 
phosphate  groups  on  DNA)  ratio,  molecular  weight  of  chitosan  and  the  degree  of 
deacetylation  [75,  76].  Generally  a  low  molecular  weight,  highly  deacetylated 
chitosan  at  high  N:P  ratio  results  in  small  sized  NPs  with  highly  condensed  DNA. 
Chitosan-DNA  NPs  have  been  used  for  gene  delivery  in  a  variety  of  cell  types 
including  human  MSCs  and  were  shown  to  have  lower  cytotoxicity  than  lipoplexes 
[77,  78].  Unfortunately,  results  so  far  have  only  been  modest.  Furthermore,  gene 
delivery  efficiency  is  dependent  on  cell  type  [77,  78]. 

Several  researchers  have  attempted  to  improve  the  gene  delivery  efficiency  of 
chitosan-DNA  NPs  by  attaching  endosome-disrupting  molecules  or  targeting 
ligands  such  as  transferrin  [78],  KNOB  (C-terminal  globular  domain  of  the  fibre 
protein)  [75],  lactose  and  lactobionic  acid  [79,  80],  galactose  and  PEG  [79,  81],  PEI 
[82],  trimethyl  groups  [83],  deoxycholic  acid  [84],  pH-sensitive  polymer  poly 
(propyl  acrylic  acid)  (PPAA)  [76,  85],  etc.  to  the  reactive  amine  groups  on  chitosan. 
These  modifications  were  successful  in  improving  the  gene  delivery  efficiency 
and/or  cell-type- specific  gene  delivery.  However,  improvement  in  gene  delivery 
efficiency  was  only  modest  and  was  generally  lower  than  achieved  with  standard 
gene  delivery  agents  such  as  Lipofectamine. 


Hyaluronan 

HA  has  been  used  to  modify  the  surface  charge,  dispersing  stability  and  buffering 
capacity  of  polymers  such  as  PEI  and  chitosan  to  form  NPs  for  non-viral  gene 
delivery  [86].  NPs  made  of  HA  and  chitosan  showed  lower  cytotoxicity  and 
induced  a  higher  rate  of  gene  integration  in  neural  stem  cells  and  spinal  cord  slice 
tissue  compare  to  those  obtained  with  PEI  [86].  Similar  results  were  also  obtained 
with  PEI-introduced  chitosan  NPs  for  rat  MSCs  [55]. 


Gelatin 

Gelatin  has  also  been  used  as  a  nanocarrier  of  DNA  for  transfecting  HeLa  cells, 
chicken  cells  and  chicken  embryos.  Tseng  et  al.  [87]  encapsulated  the  DNA  into 
gelatin  to  produce  NPs  by  a  water-ethanol  solvent  displacement  method.  The 
DNA-gelatin  NPs  (~300  nm)  were  nontoxic  to  cells  and  effectively  induced 
transgene  expression  24  h  after  cell  transfection.  Direct  injection  of  the 
DNA-gelatin  NPs  in  the  area  opaca  of  the  chicken  egg  resulted  in  transgenic 
embryos  without  affecting  their  embryonic  development  and  hatching. 


64 


P.  Pushp  et  al. 


3.2.3  Serum  Albumin 

Serum  albumin  has  also  been  tested  as  NPs  for  gene  delivery.  Mo  et  al.  [88] 
encapsulated  the  DNA  into  human  serum  albumin  (HSA)  by  a  desolvation- 
crosslinking  method  to  produce  DNA-HSA  NPs  having  a  mean  size  of  120  nm 
and  zeta  potential  of  —44  mV.  The  DNA-HSA  NPs  were  easily  taken  up  by  the 
cells  via  receptor-mediated  endocytosis  that  involved  primarily  caveolae  pathways. 
Within  the  cells,  DNA-HSA  NPs  protected  the  DNA  against  nuclease  attack  and 
showed  sustained  release  of  DNA  over  6  days  without  significant  cytotoxicity.  The 
overall  transfection  rate  was  found  to  be  fivefold  higher  than  obtained  with 
Lipofectamine. 

3.2.4  Dendrimers 

Dendrimers  are  polymeric  molecules  composed  of  multiple  branched  monomers 
radially  emanating  from  a  central  core.  Dendrimers  based  on  polymers  such  as 
polyamidoamines  (PAMAMs)  and  poly(propylene  imine)  can  form  compact 
polycations  under  physiological  conditions  and,  therefore,  have  been  of  interest  to 
researchers  for  use  in  gene  delivery  both  in  vivo  and  in  vitro  [78,  89,  90].  They  can 
also  be  functionalized  with  other  molecules  such  as  oc-cyclodextrin  [91],  PEG  [92], 
etc.  to  enhance  gene  integration  and  expression.  However,  the  use  of  dendrimers  for 
in  vitro  gene  delivery  into  somatic  and  stem  cells  has  not  yet  been  demonstrated. 


3.3    Composite  NPs  and  Other  NPs 

Composite  NPs  such  as  calcium  phosphate  NPs  have  also  gained  interest  for  non- 
viral  gene  delivery.  Cao  et  al.  [93]  used  calcium  phosphate  (CP)  nanocomposite 
particles  to  encapsulate  DNA  for  their  delivery  into  MSCs.  The  CP-DNA  NPs 
(~100  nm)  were  reported  to  be  less  cytotoxic  and  more  efficient  in  gene  delivery 
into  MSCs  than  those  of  Lipofectamine  or  a  standard  calcium  phosphate  transfec- 
tion kit. 


4    Application  of  NPs  in  Stem  Cells 

NP-based  gene  delivery  has  plethora  of  applications  in:  (1)  cellular  reprogram- 
ming  of  somatic  cells  to  derive  induced  pleuripotent  stem  (iPS)  cells,  (2)  genetic 
engineering  for  clinical  application  of  stem  cells,  (3)  creating  a  three-dimensional 
(3D)  in  vitro  niche  for  in  vitro  culture  and/or  directed  differentiation  of  stem 
cells,  (4)  tracking  the  transplanted  stem  cells  in  vivo  and  (5)  investigation  of  gene 
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function  in  vitro.  NPs,  loaded  with  or  without  marker  genes,  can  also  be  used  for 
isolation,  purification  and  enrichment  of  adult  stem  cells  such  as  MSCs,  and  germ- 
line  stem  cells.  One  such  approach  is  to  load  the  NPs  with  a  cell-type-specific  cell 
surface  marker,  which  can  then  be  used  to  label  the  stem  cells  in  a  mixed 
population  of  cells  and  to  purify,isolate  and  enrich  by  fluorescence-activated  cell 
sorting  (FACS)  or  magnetic-activated  cell  sorting  (MACS).  MNPs  loaded  with 
anti-CD34  antibody  have  been  used  to  label  CD34-positive  stem  cells,  which  were 
then  enriched  by  magnetic  sorting  [94].  A  similar  approach  has  been  used 
extensively  for  isolation  and  enrichment  of  male  germ-line  stem  cells,  which 
have  otherwise  been  very  difficult  to  isolate  and  purify  by  conventional  means 
[95]. 

NPs,  loaded  with  or  without  genes,  can  also  be  used  to  create  a  nanostructured 
3D  scaffold  or  cell  culture  substrate  to  mimic  the  in  vivo  stem  cell  niche  or  nano- 
environment  for  stem  cell  self -renewal,  proliferation  and/or  targeted  differentiation. 
Several  nanostructured  NPs  based  on  chitosan,  PLGA,  gelatin,  etc.  have  been 
shown  to  be  safe  and  of  potential  application  in  stem-cell-based  tissue  engineering 
applications.  Carbon  nanotubes  have  recently  been  gaining  potential  interest  as  a 
promising  nanomaterial  because  they  have  dimensions  similar  to  the  3D  structure 
of  proteins  found  in  extracellular  matrices  [96,  97].  Mooney  et  al.  [97]  found  that 
small  carbon  nanotubes  promoted  the  adhesion  of  human  MSCs  without  noticeable 
differentiation,  whereas  large  carbon  nanotubes  led  to  a  dramatic  stem  cell  elonga- 
tion, inducing  cytoskeletal  stress  and  selective  differentiation  into  osteoblast-like 
cells.  Unfortunately,  carbon  nanotubes  have  also  been  reported  to  be  genotoxic  and, 
therefore,  further  improvement  is  required  prior  to  their  safe  and  effective  use  [98]. 
A  biocompatible,  self-assembling  peptide  nanofiber  scaffold  (SAPNS)  that  mimics 
the  structure  of  extracellular  matrix  has  also  been  developed  and  has  been 
demonstrated  to  mimic  a  3D  nano-environment  for  the  migration  and  differentia- 
tion of  neural  stem  cells  and  the  growth  of  blood  vessels  and  axons  in  the  scaffolds 
[99-101].  Another  recent  study  has  established  a  culture  system  to  expand  and 
maintain  mouse  ES  cells  using  MNPs,  creating  the  magnetic  field-MNP  culture 
system  without  affecting  the  pluripotency  [102]. 


4.1    NP-Based  Gene  Delivery  for  Stem  Cell  Isolation  and  Culture 

NP-based  gene  delivery  is  a  relatively  recent  concept  in  stem  cell  engineering. 
Among  non- viral  methods,  lipofection  and  electroporation  have  been  optimized 
for  several  stem  cell  types  and  were  shown  to  give  an  acceptable  level  of 
transfection.  A  need  for  improvement  was  felt  for  stem  cell  types  that  are 
resistant  to  gene  introduction  (e.g.  germ-line  stem  cells)  or  grow  as  clump 
(e.g.  ES  cells)  or  when  multiple  genes  need  to  be  introduced  simultaneously 
(e.g.  iPS  cells).  Subsequently,  with  advancements  in  the  nanotechnology,  several 
NP-based  gene  delivery  options  have  been  explored,  tested  and  commercialized 
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(Fig.  1).  Many  of  these  NP-based  gene  delivery  systems  have  been  shown  to  be 
superior  to  commercially  available  lipofection  systems  [53,  93].  Qiagen  has 
developed  NanoFect  Transfection  Reagent,  based  on  a  chemically  synthesized, 
lipid-free  reagent  that  has  now  been  shown  to  be  efficient  in  DNA  delivery  in  a 
broad  range  of  cell  types.  However,  it  is  MNPs  that  have  grabbed  maximum 
acceptance.  System  Biosciences  has  developed  a  MNP  suspension,  LentiMag, 
that  effectively  binds  DNA  (and  viral)  vectors  and  very  quickly  concentrates 
them  onto  target  cells  by  use  of  a  magnetic  plate.  Using  LentiMag,  higher 
transduction  efficiencies  have  been  achieved  compared  with  transductions 
performed  with  Polybrene  (hexadimethrine  bromide).  Commercially  available 
or  in-house  produced  MNPs  have  now  been  used  for  several  cell  types,  including 
both  embryonic  and  adult  stem  cells  [103-105]. 

NP-based  gene  delivery  systems  have  gained  fresh  impetus  with  the  identifica- 
tion of  iPS  cells.  The  iPS  cells  offer  several  advantages  over  other  existing  cell 
types  such  as  ES  cells  (see  [106,  107]  for  a  detailed  review  on  iPS  cells).  iPS  cells 
are  derived  by  cellular  reprogramming  of  patient-derived  somatic  cells  through 
introduction  of  one  or  more  pluripotency  genes  (Oct4,  Sox2,  Klf4  and  cMyc  OR 
Oct4,  Sox2,  Nanog  and  Linl4)  [108].  Introduction  of  multiple  genes  necessitates 
the  use  of  retroviral  or  lentiviral  vectors,  which  raises  safety  issues.  Furthermore, 
despite  using  viral  vectors,  the  efficiency  of  cellular  reprogramming  has  been  very 
low  (in  the  range  of  0.001-0.01%).  Accordingly,  intense  research  has  been  focused 
on  either  reducing  the  number  of  genes  required  for  cellular  reprogramming  [109], 
and/or  using  non-viral  vectors  [110],  non-integrating  episomal  vectors  [111], 
mRNAs  [112],  proteins  [113],  novel  culture  methods  [114-116],  pluripotency- 
inducing  proteins  [117],  etc.  Furthermore,  Lee  et  al.  [104]  demonstrated  that 
MNPs  were  efficient  in  simultaneous  delivery  of  four  genes  (Oct4,  Sox2,  Klf4 
and  cMyc)  into  somatic  cells  to  reprogram  them  into  iPS  cells  at  an  improved 
efficiency.  Similarly,  Ruan  et  al.  [118]  obtained  efficient  generation  of  iPS  cells  by 
introduction  of  four  genes  (Oct4,  Sox2,  LIN28,  and  Nanog)  into  somatic  cells  using 
polyamidoamine  dendrimer-modified  MNPs  as  the  delivery  system.  Thus, 
magnetofection  provided  safe,  virus-free  and  exogenous  DNA-free  iPS  cells. 

Because  stem  cells  can  be  grown  long-term  in  vitro,  their  genetic  modification 
prior  to  transplantation  provides  a  unique  opportunity  for  correcting  genetic  defects 
such  as  ADA  severe  combined  immunodeficiency  (ADA-SCID),  Shwachman- 
Bodian-Diamond  syndrome  (SBDS),  Gaucher  disease  (GD),  Duchenne  muscular 
dystrophy  (DMD),  Becker  muscular  dystrophy  (BMD),  Parkinson  disease  (PD), 
Huntington  disease  (HD),  Lesch-Nyhan  syndrome  (HPRT),  Diabetes  mellitus 
(JDM)  and  Down  syndrome  [119].  Indeed,  several  genetic  diseases  were  shown 
to  be  curable  using  stem-cell-based  genetic  engineering  in  animal  models  [119]. 
Considering  the  several  advantages  of  NP-based  gene  delivery  systems  over  the 
viral  vector  methods,  it  can  be  envisioned  that  NPs  will  find  potential  application  in 
stem-cell-based  genetic  correction  of  diseases. 
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4.2    NP-Based  Gene  Delivery  for  Inducing  Differentiation 
of  Stem  Cells 

Prior  to  their  transplantation  into  patients,  stem  cells  need  to  be  differentiated  into 
the  desired  cell  type  (e.g.  cardiomyocyte).  Targeted  differentiation  of  stem  cells  can 
be  achieved  by  culturing  them  in  the  presence  of  specific  growth  factors,  providing 
specific  cell  culture  substrate,  modifying  cell  surface  properties  and  through  up-  or 
downregulation  of  specific  genes.  In  recent  years,  genetic  engineering  has  become 
an  important  strategy  for  the  induction  and  regulation  of  the  targeted  differentiation 
of  stem  cells  into  a  specific  cell  type.  At  least  two  strategies  (described  below)  have 
been  applied  to  use  NPs  in  inducing  and  controlling  the  differentiation  of  stem  cells. 


4.2.1    Delivery  of  DNA-  or  siRNA-Loaded  NPs 

Introduction  of  genes  and/or  introduction  of  siRNA  to  up-  and  downregulate 
specific  genes  involved  in  signalling  pathways  controlling  the  cell  phenotype  can 
induce  specific  differentiation  of  stem  cells  into  specific  cell  types.  For  example, 
Kim  et  al.  [72]  showed  that  PLGA  NPs  loaded  with  SOX9  genes  induced 
chondrogenesis  in  human  MSCs  both  in  vitro  and  in  vivo.  Park  et  al.  [56]  further 
showed  that  introduction  of  the  SOX  trio  (SOX5,  SOX6,  and  SOX9)  complexed 
with  PEI-modified  PLGA  NPs  led  to  a  dramatic  increase  in  the  chondrogenesis  of 
human  MSCs  in  in  vitro  culture  systems.  NPs  containing  siRNAs  for  silencing 
Bcl212  and  Trib2  were  shown  to  enhance  osteogenic  and  adipogenic  differentiation, 
respectively,  of  MSCs  [120].  Use  of  NPs  also  allows  simultaneous  introduction  of 
DNA  vector  and  siRNA  and,  thereby,  enhanced  and  efficient  differentiation  [54] . 


4.2.2    Incorporation  of  Oligonucleotide-  or  DNA-Loaded  NPs 
and  Differentiating  Agent  into  Scaffolds 

DNA-  or  siRNA-loaded  NPs  can  be  combined  with  3D  tissue-engineered  scaffold 
impregnated  with  or  without  bioactive  molecules.  Such  systems  can  provide  a 
combination  of  differentiation-inducing  gene  delivery  (by  NPs),  physical  support 
and  surface  properties  (by  scaffold)  and  differentiation  stimulants  (by  bioactive 
molecules)  and,  hence,  might  be  a  better  alternative  for  target  differentiation  of 
stem  cells  into  a  specific  cell  types  and  production  of  specific  tissue  constructs 
for  tissue  engineering.  Cao  et  al.  [121]  developed  a  3D  NP  gene  delivery  system 
(3D-NGDS)  based  on  collagen/chitosan  scaffolds,  in  which  pTGF (31 /calcium  phos- 
phate NPs  mixed  with  fibronectin  were  used  to  transfect  MSCs.  They  observed  that 
3D-NGDS  could  successfully  transfect  the  MSCs  and  induce  chondrogenic  differ- 
entiation in  vitro  without  dexamethasone.  The  transfection  efficiency  was  higher 
than  obtained  with  the  Lipofectamine  2000  method. 
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DNA-  or  siRNA-loaded  NPs  immobilized  on  the  surface-coated  ECM  may  also 
allow  the  controlled  release  of  DNA,  leading  to  long-term  expression  of  the  desired 
protein  for  enhanced  differentiation  [122].  Hosseinkhani  et  al.  [48]  observed  that 
simple  mixing  of  plasmid  DNA  (encoding  BMP-2)  and  acetylated  PEI  solutions 
and  their  encapsulation  within  scaffolds  (collagen  sponges  reinforced  by 
incorporating  of  poly(glycolic  acid)  fibres)  led  to  homogenous  bone  formation 
throughout  the  sponges.  This  strategy  could  be  of  particular  importance  for  delivery 
of  siRNAs,  which  are  known  to  have  a  short  half-life.  Furthermore,  adhering  NPs 
containing  different  DNAs  or  siRNAs  into  nanostructured  3D  scaffolds  could  allow 
spatial  retention  of  the  DNA  or  siRNA  within  nanopores  until  their  cellular 
delivery.  Different  NPs  localized  to  spatially  distinct  locations  within  a  single 
implant  might  allow  two  different  tissue  types  to  develop  in  controllable  areas  of 
an  implant.  Thus,  complex  tissues  and  organs  can  be  engineered  by  the  in  situ 
development  of  multiple  cell  types  guided  by  spatially  restricted  NPs  [120]. 


4.3    Stem  Cells  as  Carriers  of  NPs  or  DNA  NPs 

NPs,  loaded  with  or  without  genes,  can  also  be  used  to  track  the  cellular  distribu- 
tion, differentiation  and  fate  of  stem  cells  after  their  in  vivo  transplantation.  NPs 
such  as  quantum  dots,  MNPs  and  magnetic  carbon  nanotubes  can  be  easily  loaded 
into  stem  cells  and  visualized  by  imaging  techniques  such  as  magnetic  resonance 
imaging  (MRI)  or  fluorescent  imaging  for  monitoring  the  fate  of  the  transplanted 
stem  cells.  These  NPs  have  better  photostability  and  longevity  than  chemical  dyes 
and,  hence,  are  advantageous.  Ruan  et  al.  [118]  labelled  iPS  cells  with  MNPs  and 
found  them  suitable  for  long-term  observation  and  tracking  of  stem  cells  through 
fluorescent  microscopy  and  MRI  [118].  Alternatively,  fluorescent  markers  such  as 
EGFP,  YFP,  CFP,  RFP,  etc.  can  be  introduced  into  the  stem  cells  by  NP-based  gene 
delivery  methods  for  tracking  the  fate  of  the  transplanted  cells  [56]. 

Because  stem  cells  have  the  intrinsic  ability  to  "home"  into  transplanted  organs, 
they  can  also  be  used  as  a  delivery  vehicle  to  deliver  therapeutic  genes  and/or  track 
NPs  into  a  target  organ.  Tang  et  al.  [123]  introduced  SPION  into  therapeutic  MSCs 
to  act  as  contrast  enhancers  for  tracking  the  transplanted  cells  by  MRI.  Kim  et  al. 
[124]  used  SPION  to  transfer  genes  into  MSCs  and  found  the  method  to  be  safe  and 
effective.  However,  SPION/PLL  labelling  of  C17.2  neural  stem  cells  was  shown  to 
result  in  altered  gene  expression  as  an  early  cellular  response  and,  therefore,  further 
improvement  may  be  necessary  [6] . 
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Fig.  2  NP-based  transgenic  strategies.  NP-loaded  DNA  may  be  transfected  into  sperm  for  sperm- 
mediated  gene  transfer  (7),  microinjected  into  unfertilized  or  fertilized  oocytes  (2)  or  magenofected 
into  early  cleavage- stage  to  blastocyst-stage  embryos  (4).  Alternatively,  DNA-loaded  NPs  may  be 
delivered  into  stem  cells  (5)  for  production  of  transgenic  embryos  by  morula  aggregation  of 
blastocyst  injection 

5    NP-Based  Gene  Delivery  for  Transgenesis 


Transgenic  animals  can  be  produced  by  introduction  of  DNA  vector  into  sperm 
(sperm-mediated  gene  transfer  or  SMGT),  metaphase  oocytes  (Mil  transgenesis)  or 
pronucleus-stage  zygote  (PN  microinjection)  or  by  introduction  of  viral  vector  into 
cleavage-to-blastocyst  stage  embryos  (Fig.  2).  Alternatively,  genes  can  be 
introduced  into  somatic  or  stem  cells  and  transfected  cells  used  to  produce  embryos 
via  somatic  cell  nuclear  transfer  (SCNT),  morula  aggregation  of  stem  cells  or 
blastocyst-injection  of  stem  cells  (Fig.  3).  Clearly,  NPs  can  be  utilized  to  produce 
transgenic  animals  via  NP-based  gene  delivery  into  somatic  and  stem  cells. 
Recently,  however,  attempts  have  been  made  to  use  NP-based  gene  delivery  system 
to  introduce  DNA  into  sperm  and  oocytes  but  not  into  zygote  or  embryos. 


5.1    NP-Based  Gene  Delivery  into  Sperm  ( nanoSMGT) 

SMGT  offers  several  advantages  over  other  methods  of  transgenesis,  not  least  of 
which  is  its  ease  in  methodology.  Unfortunately,  despite  several  successful  reports 
on  efficient  uptake  of  DNA  by  sperm  through  electroporation  [125],  lipofection 
[126]  and  DMSO-DNA  complex  [127],  generation  of  offspring  remains  low  [128]. 
Furthermore,  except  for  a  very  few  selected  laboratory,  most  researchers  have 
failed  to  produce  viable  offspring  via  artificial  insemination  of  transfected  sperm 
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Inhibition  of  1st  Cytokinesis 

Fig.  3  Somatic  cell  nuclear  transfer  strategy  for  transgenesis.  NPs  can  be  used  to  delivery  DNA 
into  somatic  cells,  which  can  then  be  selected  for  gene  expression  and  microinjected  into 
enucleated  oocytes  for  production  of  transgenic  animals 

[129].  Transfection  of  sperm  almost  always  resulted  in  significant  loss  of  motility 
and  necessitated  artificial  fertilization  through  intracytoplasmic  sperm  injection. 
Thus,  there  is  a  need  to  improve  the  transfection  method  of  sperm  without  using 
electroporation  or  lipofection. 

The  successful  use  of  NPs  to  introduce  foreign  DNA  into  somatic  and  stem  cells 
has  brought  new  perspectives  for  production  of  transgenic  embryos  via  SMGT.  In  a 
recent  study,  Kim  et  al.  [130]  showed  that  MNPs  can  be  successfully  used  for 
introducing  genes  into  pig  sperm.  The  DNA-loaded  MNPs  bound  ejaculated 
spermatozoa  at  a  higher  efficiency  than  those  obtained  by  using  DNA  alone  or 
lipofection.  Clusters  of  MNPs  were  detected  both  in  the  sperm  nucleus  and  at  the 
inner  surface  of  the  plasma  membrane.  In  vitro  fertilization  (IVF)  of  oocytes  with 
transfected  sperm  resulted  in  successful  production  of  transgenic  embryos  -  a 
method  named  nanoSMGT.  Similar  results  were  also  obtained  by  Campos  et  al. 
[131]  for  cattle  sperm.  Campos  et  al.  [131]  used  NanoFect  Transfection  Reagent 
(Qiagen)  for  nanoSMGT  in  cattle  sperm  and  observed  that  nanopolymer  efficiently 
introduced  exogenous  DNA  into  the  sperm  and  resulted  in  successful  production  of 
transgenic  embryos.  Interestingly,  unlike  other  methods,  nanoSMGT  was  not 
affected  by  DNA  preparation  methods  and  parameters  such  as  the  linear-to-circular 
DNA  ratio.  The  ratio  of  linear- to-circular  DNA  can  influence  exogenous  DNA 
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uptake  by  sperm  when  electroporation  or  lipofection  is  used.  However,  during 
nanoSMGT,  the  ratios  of  linear-to-circular  plasmid  did  not  influence  the  uptake 
by  sperm  cells  and  none  of  the  tested  treatments  affected  sperm  motility  and 
viability  after  nanotransfection  [130,  131].  Campos  et  al.  [131]  also  used  halloysite 
clay  nanotubes  (HCN)  for  nanoSMGT.  They  observed  that  the  mean  number  of 
plasmids  taken  up  by  cattle  sperm  was  higher  in  HCN-based  gene  delivery  than  by 
using  lipofection.  IVF  of  oocytes  with  HCN-transfected  sperm  successfully  resulted 
in  transgenic  embryos  with  higher  efficiency  but,  unfortunately,  the  transgene  did 
not  express. 


5.2    NP-Based  Gene  Delivery  into  Oocytes 

Transgenic  animal  production  via  introduction  of  genes  into  oocytes  have  not  been 
very  fruitful  by  conventional  methods  due  to  the  high  cytoplasmic  content  of 
nuclease  enzymes,  cytoplasmic  sequestration  of  injected  DNA  by  DNA  binding 
proteins  and  cytoskeletal  elements  and  the  lack  of  DNA  to  transport  across  the 
nuclear  membrane.  Some  studies  have  shown  that  simultaneous  introduction  of 
DNA  along  with  the  sperm  can  lead  to  successful  production  of  transgenic  mice 
[132].  However,  this  method,  called  Mil  transgenesis,  required  intracytoplasmic 
sperm  injection  to  be  performed  and  was  not  very  fruitful  in  non-rodent  species. 
Use  of  lentriviral  vectors,  on  the  other  hand,  has  resulted  in  successful  production  of 
transgenic  animals  via  gene  introduction  in  oocytes. 

Mil-stage  oocytes  lack  a  nuclear  membrane  and  offer  a  unique  opportunity  for 
DNA  to  interact  with  the  host  chromatin  to  produce  transgenic  animals.  However, 
all  efforts  to  produce  transgenic  animals  via  direct  injection  of  DNA  into  oocytes 
have  failed.  We  have  recently  developed  a  NP-based  gene  delivery  method  for 
mammalian  oocytes,  called  oocyte-mediated  gene  transfer  (OMGT)  (Fig.  4).  Pig 
oocytes  recovered  from  abattoir-derived  prepubertal  porcine  ovaries  were  matured 
in  vitro  for  42-44  h  and  microinjected  with  DNA  NP  solution  (10  ng/uL)  using  a 
femtojet  microinjector  (Eppendorf,  Hamburg,  Germany).  The  DNA  (4.7  kb)  was 
derived  from  the  pEGFP-Cl  plasmid  (Clontech  Laboratories,  CA,  USA),  which 
contains  EGFP-encoding  transgene  under  the  control  of  cytomegalovirus  (CMV) 
promoter,  and  linearized  with  ApaLl  restriction  enzyme.  Injected  oocytes  were  then 
in  vitro  fertilized  using  fresh  epididymal  sperm  obtained  from  abattoir-derived 
porcine  testis  and  cultured  in  NSCU23  medium  supplemented  with  0.4%  BSA. 
The  efficiency  of  transgenesis  was  monitored  by  visualization  of  green  florescence 
under  UV  illumination  using  an  EGFP  filter  set.  Results  showed  that  the  cleavage 
rate  of  injected  oocytes  (68.7  ±  0.5%)  was  similar  to  that  of  uninjected  control 
oocytes  (67.8  ±  0.4%)  although  a  high  percentage  of  injected  oocytes  showed 
developmental  block  at  the  2-4  cell  stage.  The  EGFP  expression  rate  at  the  2-4 
cell  stage,  when  expressed  as  proportion  of  injected  oocyte,  was  17.2  ±  0.1%. 
Interestingly,  mosaicism  was  not  observed.  The  EGFP  expression  rate  increased  to 
26.7  ±  0.1%  by  increasing  the  DNA  concentration  to  40  ng/uL.  Injecting  the  DNA 
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Fig.  4  OMGT  strategy  of  transgenesis  and  its  advantages,  (a)  DNA  vector  is  complexed  with  a 
polycationic  polypeptide  at  a  charge  ratio  of  1:10,  microinjected  into  Mil-stage  oocytes  and 
fertilized  in  vitro,  (b)  Transgenic  pig  blastocysts  produced  by  OMGT  of  EGFP  or  GCSF  genes, 
(c)  Advantages  of  OMGT 

solution  near  to  the  metaphase  plate  of  the  oocyte  did  not  improve  (P  <  0.05)  the 
EGFP  expression  rate  (22.2  ±  0.1%).  We  further  show  that  complexion  of  DNA 
with  polypeptide  having  four  NLS  and  22  basic  amino  acids  in  its  sequence,  at  a 
charge  ratio  of  1:10,  improves  the  transgene  expression  efficiency  to  100%  at 
blastocyst  stage.  Thus,  our  results  suggest  that  OMGT  is  a  promising  tool  for 
producing  transgenic  livestock.  The  OMGT  method  of  mammalian  transgenesis 
has  several  advantages  over  existing  methods  such  as  PN  injection.  It  requires  less 
skill  to  learn,  allows  microinjection  of  large  number  of  oocytes  in  a  relatively  small 
time  (>200  embryos  in  10  min),  allows  multigene  transgenesis  and  eliminates  the 
chances  of  mosaicism.  Use  of  pipettes  with  ~  100-fold  larger  tip  aperture  in  our 
methodology  also  facilitates  the  handling  of  large  constructs  such  as  yeast  or 
mammalian  artificial  chromosomes. 


5.3    NP-Based  Gene  Delivery  into  Embryos 


Although  promising,  NP-based  gene  delivery  methods  have  not  yet  been  applied  to 
mammalian  embryos.  However,  a  few  attempts  have  been  made  to  use  NP-based 
gene  delivery  methods  in  species  in  which  conventional  methods  of  gene 
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introduction  have  not  been  successful.  In  particular,  transgenic  chicken  has  proven 
to  be  difficult  to  produce  by  conventional  transgenesis  owing  to  their  unique 
reproductive  system  and  hard  shell  around  the  egg.  Consequently,  retroviral  or 
lentiviral  injection  into  the  blastoderm  layer  of  Stage  X  embryos  are  generally  used. 
We  and  others  have  shown  that  Polybrene  (hexadimethrine  bromide)  can  increase 
the  infection  rate  of  viral  vectors  to  increase  the  transgenesis  rate  [133-136].  Thus, 
other  polycations  might  be  of  use  in  improving  the  success  of  transgenesis  and  need 
to  be  explored. 

In  a  recent  study,  Tseng  et  al.  [87]  used  gelatin  as  a  nanocarrier  of  plasmid  DNA 
for  transfecting  chicken  embryos.  The  plasmid  DNA  was  encapsulated  in  gelatin  to 
produce  NPs  (~300  nm)  by  a  water-ethanol  solvent  displacement  method.  The  NPs 
were  nontoxic  to  cells,  and  its  direct  injection  in  the  area  opaca  of  the  egg  resulted 
in  the  highest  hatching  rate  without  affecting  embryo  development.  Gene  expres- 
sion in  embryo  sections  was  observed  4  days  after  injection. 


6    Factors  Affecting  Gene  Delivery  Efficiency  of  NPs 
6.1    Cell  Type 

The  gene  delivery  efficacy  of  several  NPs  are  known  to  be  cell-type-dependent  and 
they  preferentially  transfect  certain  cell  types  over  the  others  [77].  In  certain  cases, 
NPs  are  intentionally  modified  to  allow  the  transfection  of  specific  cell  types  by 
attaching  a  ligand  that  specifically  identifies  a  particular  cell  surface  property  of 
the  target  cell.  Some  cell  types  are  also  relatively  resistant  to  gene  transfection 
(e.g.  germ  cells). 


6.2    Cell  Cycle  Stage 

The  nuclear  envelope  is  one  of  the  major  cellular  barriers  in  the  intranuclear 
delivery  of  DNA  [137].  In  a  non-dividing  cell,  the  nuclear  enclosure  of  NPs  is 
dependent  on  size  (with  100  and  200  nm  particles  being  better  included  than  500  nm 
particles)  and  charge  (with  positively  charged  particles  being  better  included  than 
negatively  charged  particles)  on  the  NPs  [138].  However,  nuclear  membrane 
breakdown  during  mitosis  and  meiosis  facilitates  the  access  of  NPs  to  the  chromatin 
and  it  is  highly  plausible  that  at  least  few  of  them  are  included  by  chance  in  the 
nuclei  of  the  daughter  cells.  Thus,  cell  division  has  a  positive  influence  on  the 
efficiency  of  gene  delivery.  Conversely,  transfection  efficiency  of  NPs  is  higher  in 
dividing  (mitotic)  cells  than  in  non-dividing  (non-mitotic)  cells. 


74 


P.  Pushp  et  al. 


6.3    Cell  Culture  Conditions 

Certain  ingredients,  such  as  electrolytes  and  macromolecules,  and  the  pH  of  the  cell 
culture  medium  may  alter  the  surface  and  physico-chemical  properties  of  the  NPs 
and,  thereby  influence  the  gene  delivery  efficiency.  In  particular,  presence  of  serum 
or  serum  proteins  is  often  reported  to  lower  the  transfection  efficiencies  of  several 
NPs.  Even  if  the  NPs  are  stable  in  the  presence  of  serum  or  serum  proteins,  batch 
variations  in  serum  quality  can  lead  to  differences  in  transfection  efficiency.  Thus, 
it  is  often  advisable  to  test  a  small  lot  of  serum  from  a  reputable  supplier  in  a  control 
experiment.  Once  a  given  lot  has  yielded  satisfactory  and  reproducible  results,  sera 
from  this  lot  should  be  used  for  further  experiments. 

Cell  culture  substrate  can  also  the  influence  gene  delivery  by  affecting  the 
occurrence  of  endocytosis  and,  thereby,  the  uptake  of  DNA-bound  NPs  by  the 
cells.  Hsu  et  al.  [139]  observed  that  the  culture  of  MSCs  on  chitosan  or  HA- 
modified  chitosan  membranes  increased  the  intracellular  uptake  of  iron  oxide  NPs 
(-5  nm)  as  well  as  naked  DNA  (3.3  kb,  ~5  nm)  by  more  than  fivefold.  The  increased 
internalization  of  NPs  was  associated  with  an  increase  in  clathrin-mediated  endo- 
cytosis on  chitosan  (~50%)  and  in  caveolae-mediated  endocytosis  on  chitosan-HA 
(~3(M10%).  In  the  case  of  naked  DNA,  but  not  iron  oxide  NPs,  macropinocytosis 
also  occurred  on  both  substrates. 

Microbial  contamination  by  bacteria,  fungi  and  mycoplasma  during  in  vitro  cell 
culture  are  additional  factors  that  may  influence  the  efficiency  of  gene  transfection 
by  modifying  the  growth  behaviour  of  the  infected  cells.  Variation  in  the  growth 
behaviour  of  infected  cells  may  lead  to  different  transfection  efficiencies  between 
replicate  experiments. 


6.4    Cell  Density  and  Passaging 

In  most  cases,  the  optimal  confluency  for  gene  transfection  for  adherent  monolayer 
cells  is  -40-80%.  If  cell  density,  at  the  time  of  adding  NP-DNA  complexes,  is  not 
optimal,  it  can  lead  to  insufficient  uptake  of  complexes  into  the  cells.  Furthermore, 
cells  that  have  been  passaged  a  large  number  of  times  tend  to  change  their  growth 
behaviour,  morphology  and  potential  for  transfection.  When  cells  with  high  passage 
numbers  are  used  for  replicate  experiments,  decreased  transfection  efficiencies  may 
be  observed  in  later  experiments.  Using  cells  with  a  low  passage  number  (<50 
splitting  cycles)  is,  therefore,  recommended. 


6.5    DNA  (Vector  Design)  Quality  and  Quantity 

The  DNA  backbone  of  a  vector  as  such  does  not  influence  the  gene  delivery  efficiency 
of  NPs.  However,  the  type  of  promoter,  regulatory  sequences,  coding  sequence,  etc. 
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used  to  design  the  vector  sequence  has  a  strong  influence  on  the  gene  expression  rate. 
For  example,  DNA  vectors  harbouring  NLS  sequences,  DNA  binding  proteins  such 
as  histones  and  HMG  proteins,  Simian  Virus  40  (SV40)  promoter  and  origin  of 
replication  have  been  shown  to  increase  the  intranuclear  delivery  and  expression 
of  genes.  Furthermore,  the  presence  of  impurities  (e.g.  endotoxins)  in  the  DNA  can 
also  lower  the  transfection  efficiency. 

The  optimal  quantity  of  DNA  used  for  transfection  also  needs  to  be  titrated  to 
regulate  the  gene  copy  number  in  the  transfected  cells  to  obtain  optimal  gene 
expression  and  to  avoid  post-integrative  gene  silencing  due  to  high  copy  number 
or  overexpression  of  exogenous  genes.  In  certain  situations,  the  non-viral  vector 
does  not  integrate  into  the  nuclear  genome  and  remains  episomal.  The  tendency  of 
non-viral  vectors  to  stay  episomal  can  be  considered  beneficial  for  cellular 
reprogramming  of  somatic  cells  into  stem  cells  (iPS  cells)  [111,  140].  However, 
when  used  for  transgenesis  and  stable  expression  of  genes,  the  episomal  form  of 
non-viral  vectors  is  not  desirable  because  they  are  not  passed  on  to  daughter  cells. 
The  development  of  self-replicating  vectors,  vectors  without  regions  prone  to 
epigenetic  silencing  and  vectors  containing  scaffold  or  nuclear  matrix  attachment 
regions  (S/MARs)  to  keep  them  in  transcriptionally  active  regions  are  some  of  the 
approaches  that  have  shown  promise  in  increasing  the  persistence  of  expression  for 
episomal  vectors. 

Apart  from  mosaic  and  variable  expression  of  genes,  NP-mediated  gene  delivery 
methods  also  suffer  from  integration-mediated  activation  or  inhibition  of  other 
nearby  genes.  Random  genomic  integration  may  also  lead  to  insertional  mutagene- 
sis and/or  trans-activation  of  cellular  proto-oncogenes,  resulting  in  cellular  trans- 
formation to  cancerous  cells.  This  can  be  addressed  by  proper  design  of  DNA 
vector  to  include  homologous  sequences  for  locus-specific  gene  targeting,  Sleeping 
Beauty  transposon-transposase  or  piggyBac  transposition  for  non-random  prefer- 
ential integration  at  microsatellite  repeats  [141-143]  or  by  using  a  (|)C31  integrase 
system  [144,  145]. 

Post-integrative  gene  silencing  can  occur  for  a  variety  of  reasons,  such  as  high 
copy  number  or  overexpression  of  exogenous  genes,  random  integration  into 
heterochromatin  regions  and  episomal  silencing  due  to  heterochromatin  spreading 
[146].  Although  optimizing  the  DNA  concentration  can  reduce  the  chances  of  high 
gene  copy  number,  random  integration  into  heterochromatin  regions  can  be  over- 
come by  incorporating  insulator  sequences  into  the  vectors  [140].  Several  regu- 
latory sequences  that  have  insulating  properties  have  been  described  [147], 
including  S/MARs  [148].  Evidence  suggests  that  inclusion  of  an  S/MAR  region 
can  provides  an  insulating  effect  by  inhibiting  promoter  region  methylation  and 
silencing,  as  seen  for  CMV  and  HAAT  promoters  [140].  S/MAR-containing  vectors 
have  been  used  to  drive  transgene  expression  in  hematopoietic  stem  cells  [149]. 

6.6  NPSize 

The  size  of  the  NP-DNA  complexes  is  of  crucial  importance  for  their  cellular 
uptake  through  endocytosis  and/or  pinocytosis  and  subsequent  transfer  into  the 
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nucleus  through  the  nuclear  pore  complexes  (NPCs)  in  the  nuclear  envelopes  [150]. 
Using  the  Xenopus  nuclear  envelope  reassembly  (XNER)  assay,  Symens  et  al.  [138] 
found  that  the  nuclear  enclosure  of  NPs  was  dependent  on  the  size  (with  100  and 
200  nm  NPs  being  better  included  than  the  500  nm  NPs)  and  charge  (with  positively 
charged  NPs  being  better  included  than  negatively  charged  or  PEGylated  NPs)  of 
the  DNA-NP  complexes.  Accordingly,  smaller  NPs  (generally  <25  nm)  are  con- 
sidered to  be  more  efficient  for  NP-based  gene  delivery  systems.  Interestingly, 
irrespective  of  the  size  of  the  DNA-NP  complex,  combining  an  NP-based  gene 
delivery  system  with  physical  methods  such  as  electroporation  does  not  seem  to 
have  any  beneficial  effect  on  the  gene  delivery  efficiency. 


6  J   NP:DNA  Ratio  (Nitrogen:Phosphate  Ratio),  Concentration 
and  Incubation  Period 

The  NP:DNA  ratio  influences  the  N:P  ratio,  which  in  turn  determines  the  shape  and 
size  of  the  DNA-NP  complexes  and  the  degree  of  DNA  compaction.  Furthermore, 
if  the  ratio  of  NP:DNA  is  suboptimal,  the  overall  charge  of  the  complexes  might  be 
negative,  neutral  or  strongly  positive,  which  can  lead  to  inefficient  adsorption  to  the 
negatively  charged  surface  of  mammalian  cells.  Thus,  the  NP:DNA  ratio  needs  to 
be  optimized  to  obtain  an  optimal  rate  of  gene  transfection.  Furthermore,  the 
optimal  concentration  of  a  given  NP-DNA  complex  should  be  evaluated  for  each 
cell  type  because  they  are  known  to  be  dependent  on  cell  type  and  cell  density. 
Different  cell  types  may  also  require  different  incubation  periods  with  the  DNA-NP 
complex  to  achieve  maximal  transfection  level.  This  should  be  kept  in  mind  when 
determining  the  length  of  incubation  after  transfection.  If  the  time-point  of  maximal 
expression  is  not  known  for  a  particular  cell  line,  a  time-course  experiment  may  be 
necessary. 


6.8    Controlled  Intracellular  Release  of  DNA 

Besides  minimizing  the  cytotoxicity,  surface  coating  and  functionalization  of  NPs 
are  also  carried  out  occasionally  to  allow  slow  or  delayed  release  of  DNA  until  the 
cells  enter  mitosis  and  dissolve  their  nuclear  envelope.  Under  such  circumstances, 
DNA  has  an  increased  chance  of  coming  in  contact  with  the  host  genome  and, 
hence,  of  increased  transfection  rate.  Mahor  et  al.  [52]  observed  that  encapsulation 
of  DNA  in  HA  increased  transgene  expression  when  it  was  delivered  into  MSCs 
using  branched  PEI  as  a  transfecting  agent.  DNA-loaded  NPs  can  also  be 
immobilized  on  the  surface-coated  ECM  (a  process  termed  reverse  transfection), 
which  not  only  provides  a  surface  for  cell  attachment  but  also  sustains  the  release  of 
DNA  from  the  surface,  thereby  inducing  transgene  expression  for  a  prolonged 
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period  of  time.  Consequently,  long-term  expression  of  the  desired  protein  can  be 
achieved  with  a  smaller  amount  of  required  DNA,  as  compared  with  bolus  delivery. 


6.9  Cytotoxicity 

Several  NPs  have  been  reported  to  have  inherent  cytotoxicity,  which  might  be 
augmented  by  excessive  exposure  and/or  high  concentrations  of  NP-DNA 
complexes  and  by  stress  due  to  temperature  shifts  or  long  periods  without  medium, 
etc.  Full  attention,  therefore,  must  be  given  to  minimize  the  cytoxicity.  Interest- 
ingly, although  most  NPs  are  reported  to  cause  oxidative  stress  by  increasing  the 
levels  of  reactive  oxygen  species  (ROS)  and  reducing  the  glutathione  levels  [34], 
some  NPs  were  demonstrated  to  have  antioxidants  action  by  blocking  ROS  produc- 
tion or  scavenging  the  ROS  [151,  152].  NPs  can  also  cause  mitochondrial  damage. 
Thus,  a  biodegradable,  biocompatible  NP  with  minimal  cytotoxicity  should  be 
chosen  and  properly  exposed  to  cells  to  achieve  the  maximal  number  of  transfected 
cells.  Several  approaches  such  as  use  of  biodegradable  polymers  and/or  surface 
coating  of  NPs  with  biodegradable  polymers  have,  therefore,  been  used. 


6.10    Stability,  Storage  and  Shelf -Life  of  NPs 

In  order  to  maintain  the  structural  and  functional  integrity  of  the  entrapped  DNA, 
the  NP  preparation  process  needs  to  be  optimized  for  molecular  weight,  cross- 
linking  method,  crosslinking  time  and  N:P  ratio.  Tzeng  et  al.  [153]  developed 
polymer-DNA  NPs  that  remained  stable  in  normal  serum  and  could  also  be  stored 
for  at  least  3  months  in  ready-to-use  form  with  no  measurable  decrease  in  efficacy, 
thus  expanding  their  potential  in  a  practical  setting. 


7  Conclusions 

NP-based  gene  delivery  into  stem  cells  provides  an  unprecedented  opportunity  for 
isolation,  in  vitro  culture,  differentiation  and  post-transplantation  tracking  of  stem 
cells.  It  has  also  enabled  the  fabrication  of  controlled  and  high-throughput  in  vitro 
culture  methods  for  culturing  stem  cells  that  were  otherwise  difficult  to  grow  and 
differentiate  in  vitro.  However,  a  variety  of  factors  influence  the  application  of  NPs 
in  stem  cells  and  must  be  suitably  addressed.  Despite  tremendous  improvements, 
most  NP-mediated  gene  delivery  systems  still  suffer  from  low  transfection  effi- 
ciency and  further  research  is  needed  on  tailoring  the  size,  content  and  surface 
electronic  properties  through  chemical  and  physical  methods.  Furthermore,  before 
NP  technology  can  be  used  to  deliver  genes,  several  issues  regarding  the  fate, 
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toxicity  and  safety  of  NPs  must  be  addressed.  A  pipeline  of  assays  is  needed  to 
select  the  most  efficient  NPs  and  may  include  investigation  of  parameters  crucial 
for  efficient  cellular  uptake  and  retention;  molecular  analysis  of  uptake 
mechanisms,  intracellular  trafficking  and  degradation  pathways  of  NPs;  cellular 
tests  for  the  effects  of  NPs  on  cellular  physiology,  proliferation  and  differentiation; 
and  toxicity  assays  for  genotoxicity,  mutagenesis  and  oncogenesis.  Finally, 
NP-based  gene  delivery  offers  new  opportunities  for  transgenesis  that  need  to  be 
explored  to  utilize  its  full  potential. 
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Engineering  of  Polysaccharides 
via  Nanotechnology 

Joydeep  Dutta 


Abstract  The  exploitation  of  nanotechnology  to  engineer  polysaccharides  is 
undoubtedly  very  innovative  in  the  context  of  nanobiopolymers.  The  polysaccharides 
are  naturally  occurring  biopolymers  and  can  potentially  be  used  for  diverse 
applications.  Interest  in  the  study  of  nanotechnology  to  produce  nanoscaled 
polysaccharides  is  gradually  increasing.  Nanotechnology  not  only  changes  the 
structures  of  polysaccharides  but  also  changes  the  functionality  of  the  materials. 
Many  properties  of  polysaccharides  are  perhaps  still  undiscovered.  The  use  of 
nanotechnology  to  engineer  polysaccharides  may  open  up  a  new  horizon  that  can 
noticeably  change  every  aspect  of  human  life.  Chitosan  is  an  important  polysaccha- 
ride and  is  found  in  the  exoskeleton  of  crab,  shrimp,  prawn,  lobster,  squid  pen,  etc. 
Despite  its  abundant  availability  in  nature,  it  has  not  yet  been  completely  cherished 
by  the  scientific  community.  The  properties  of  chitosan  vary  from  source  to  source, 
which  could  enable  the  efficient  use  of  chitosan  for  a  specific  application.  This 
chapter  deals  with  various  sources  of  chitosan  and  discusses  its  physical,  chemical, 
and  biological  properties;  synthesis  of  chitosan-based  nanoparticles,  nanospheres, 
and  nanogels;  characterization;  and  biomedical  applications. 

Keywords  Chitosan  •  Engineering  •  Nanotechnology  •  Polysaccharide 

Contents 


1  Introduction   88 

2  Sources  of  Chitin  and  Chitosan   89 

3  Isolation  of  Chitin  and  Chitosan   89 

4  Characterization   99 

5  Structure  of  Chitin  and  Chitosan   100 


J.  Dutta  (M) 

Department  of  Applied  Sciences  &  Humanities,  Institute  of  Engineering  &  Technology, 
ITM  University,  Uparwara,  Raipur,  Chattrisgarh  493661,  India 
e-mail:  dutta_joy@yahoo.co.in 


88 


J.  Dutta 


6  Properties  of  Chitin  and  Chitosan   100 

7  Limitations  of  Using  Chitin   102 

8  Chemical  Modifications  of  Chitosan   102 

8.1  Chitosan-g-PEG  Copolymer  [113]   103 

8.2  Chitosan-4-Thiol-Butylamidine  [117]   104 

8.3  mPEG-Grafted  Phthaloyl  Chitosan  [120]   104 

8.4  N-Maleated  Chitosan   105 

9  Importance  of  Engineering  Chitosan-Based  Nanoparticles,  Nanospheres,  and  Nanogels  105 

9.1  Chitosan-Based  Nanoparticles   106 

9.2  Chitosan-Based  Nanospheres   110 

9.3  Chitosan-Based  Nanogels   116 

10  Biomedical  Applications  of  Chitosan   120 

11  Conclusions   123 

References   123 


1  Introduction 


The  advent  of  nanotechnology  has  given  tremendous  impetus  to  the  development  of 
polysaccharide-based  nanomaterials.  There  are  huge  differences  between  the  bulk 
polysaccharides  and  nanopolysaccharides  in  every  aspect.  No  vast  amount  of 
research  has  yet  been  done  on  engineering  of  polysaccharides  via  nanotechnology. 
This  chapter  will  mainly  deal  with  chitosan  rather  than  other  polysaccharides, 
namely  cellulose,  starch,  gelatin,  alginate,  pullulan,  carrageenan,  and  pectin  to 
name  a  few.  Chitin  exists  widely  in  cell  walls  of  some  microorganisms  such  as 
fungi,  molds,  and  yeasts  [1]  and  in  the  cuticular  and  exoskeletons  of  invertebrates 
such  as  crab,  shrimp,  prawn,  lobster,  squid  pen  and  insects  (for  example,  beetles)  [2]. 
Chitosan  exists  naturally  in  only  a  few  species  of  fungi.  Chitosan,  a  fundamental 
derivative  of  chitin,  is  composed  of  glucosamine  and  TV-acetyl  glucosamine  units 
[3-5].  Despite  its  abundant  availability  in  nature,  its  exploitation  is  not  very  pro- 
nounced. Due  to  the  presence  of  amino  groups  as  well  as  hydroxyl  groups,  chitosan 
can  be  easily  tailored  to  synthesize  different  derivatives  of  interest  [6].  Over  the  last 
two  decades,  the  studies  on  chitin  and  chitosan  have  intensified  as  a  consequence  of 
their  excellent  biological  properties  such  as  being  biodegradable  in  the  human  body, 
biocompatibility,  nontoxicity,  immunological  activity,  antibacterial  activity,  and 
wound-healing  activity  [7].  In  recent  studies,  chitosan  has  been  shown  to  be  a  very 
good  biomedical  candidate  for  applications  ranging  from  drug  delivery  to  cell 
delivery  to  gene  delivery  to  wound  healing  [8-12].  But,  the  solubility  of  chitosan 
has  been  a  major  constraint  for  its  versatile  application.  Chitosan  is  not  soluble  in 
conventional  organic  solvents;  it  is  only  soluble  in  acetic  acid  and  a  few  inorganic 
acids  such  as  hydrochloric  acid  [13-15].  Therefore,  it  has  been  a  major  challenge  to 
improve  the  solubility  of  chitosan.  It  is  believed  that  application  of  nanotechnology 
to  engineer  chitosan  may  not  only  boost  its  solubility  properties  but  also  change  its 
material  characteristics,  which  would  be  beneficial  for  further  processing  for  its 
commercialization  in  various  products.  This  belief  has  led  the  chitin  and  chitosan 
researchers  not  only  to  escalate  fundamental  research  on  chitosan  but  also  to  work 
aggressively  on  applied  research  to  develop  chitosan-based  nanoproducts  by 
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Fig.  1  Various  sources  of  chitin 


Craw  fish 


Squid  Pen 


utilizing  its  chemical,  physical,  and  biological  properties.  Chemical  modifications  of 
chitosan  and  its  subsequent  nanotechnological  application  are  hardly  seen.  Simi- 
larly, the  variations  in  the  properties  of  chitosan  obtained  from  various  sources  are 
not  yet  well  documented.  This  chapter  will  describe  the  various  sources  of  chitosan 
and  its  multifaceted  characteristics  and  the  synthesis,  characterization,  and  biomedi- 
cal applications  of  chitosan-based  nanocomposites  in  the  form  of  nanoparticles, 
nanogels,  and  nanospheres. 


2    Sources  of  Chitin  and  Chitosan 


There  are  numerous  sources  of  chitin  (Fig.  1)  and  chitosan  is  obtained  by 
deacetylating  chitin  with  a  hot  alkali  solution.  Chitin  has  been  found  in  a  wide 
array  of  natural  sources,  namely  crustaceans,  fungi,  yeasts,  insects,  annelids, 
nematodes,  mollusks,  coelenterate,  marine  diatoms,  squid  pens,  etc.  [16-19].  How- 
ever, chitosan  is  primarily  manufactured  from  the  exoskeleton  of  crustaceans  (crab, 
shrimp,  prawn,  lobster,  krill,  and  crayfish)  because  of  its  abundant  availability  as  a 
by-product  of  food  processing  [20,  21]. 


3    Isolation  of  Chitin  and  Chitosan 


In  the  past,  a  small  quantity  of  shell  waste  was  utilized  for  animal  feed  or  chitin 
isolation  [19].  Thus,  the  processing  of  shellfish  was  a  major  concern  for  environ- 
mental pollution.  Nowadays,  this  problem  has  been  overcome  to  a  certain  extent 
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because  of  an  increased  desire  to  explore  underutilized  resources  (mainly  shell 
wastes)  for  the  isolation  of  chitin  and  make  it  suitable  for  various  biomedical 
applications.  The  basic  approach  is  more  or  less  same  for  the  isolation  of  chitin 
from  various  sources  because,  typically,  the  exoskeleton  of  crustaceans  consists  of 
minerals  (especially  calcium  carbonate),  protein,  chitin,  pigments,  etc.  No  economical 
and  appropriate  solvent  is,  however,  known  for  the  dissolution  of  chitin  after 
isolation  of  chitin  from  these  exoskeletons.  The  current  industrial  method  for 
obtaining  chitin  from  the  exoskeletons  is  to  make  the  calcium  carbonate  and 
proteins  in  the  exoskeletons  soluble  in  water  and  then  to  remove  them  from  the 
exoskeletons  to  obtain  chitin.  Specifically,  the  exoskeletons  of  crabs,  lobsters,  or 
shrimps  are  immersed  in  a  dilute  aqueous  alkaline  solution  and  heated,  after 
which  the  degraded  proteins  are  washed  off  with  water.  Insoluble  matter  with 
chitin  contained  therein  is  immersed  in  a  dilute  aqueous  solution  of  hydrochloric 
acid  to  convert  the  calcium  carbonate  (which  is  still  contained  in  the  insoluble 
matter)  into  calcium  chloride,  which  is  soluble  in  water.  The  insoluble  matter  is 
then  washed  with  water  to  remove  the  calcium  chloride,  so  that  chitin  is 
obtained  as  insoluble  matter.  The  various  sources  of  chitin  differ  somewhat  in 
their  structure  and  percentage  chitin  content.  Usually,  chitin  isolation  consists  of 
several  steps,  i.e.,  demineralization,  deproteinization,  and  decoloration.  The  first 
two  steps  can  be  reversed  according  to  the  need  for  recovery  of  carotenoids  and 
protein  and  for  further  chitin  application.  Among  other  crustacean  shells,  crab 
and  shrimp  shells  have  received  significant  attention  for  the  production  of  chitin 
and  chitosan  [22,  23].  The  readers  can  find  out  about  traditional  isolation  of 
chitin  in  many  reviews,  research  articles,  patents,  and  books  [24-33].  Succinctly, 
demineralization  is  usually  achieved  by  using  diluted  hydrochloric  acid  (1-8%) 
at  room  temperature  [34,  35].  To  prevent  chitin  depolymerization, 
ethylenediamine  tetraacetic  acid  (EDTA)  can  be  used  for  removal  of  mineral 
salts  [36,  37].  On  the  other  hand,  deproteinization  involves  the  usage  of  aqueous 
sodium  or  potassium  hydroxide  solution,  and  decoloration  is  usually  carried  out 
by  a  bleaching  treatment  with  NaOCl  or  H202  solutions  [38]. 

The  most  exploited  sources  of  chitin  are  shrimp  and  crab  shells.  Lertsutthiwong 
et  al.  [28]  has  studied  the  effect  of  chemical  treatment  on  the  characteristics  of 
chitosan  obtained  from  fresh  local  black  tiger  shrimp  shells.  In  this  study,  they 
treated  the  shrimp  shells  by  reversing  the  conventional  order  of  extraction  of  chitin 
from  crustacean  shells.  The  differences  in  the  characteristics  of  chitin  produced  by 
different  serial  treatments  are  shown  in  Table  1 .  Further,  they  showed  the  effect  of 
these  different  serial  treatments  on  the  quality  of  chitosan  obtained  from  chitin  after 
deacetylation.  If  process  2  is  followed  by  subsequent  deacetylation  then  there  is  a 
possibility  of  obtaining  chitosan  with  high  viscosity  because  the  protein  layer 
becomes  protected  from  more  hydrolysis,  and  vice  versa  in  the  case  of  process  1 
(see  Table  2).  To  obtain  chitosan  with  a  high  viscosity  and  a  high  degree  of 
deacetylation  at  low  temperature,  the  process  should  be  initiated  with  decalcifica- 
tion and  requires  multi-deacetylation. 

There  are  many  standard  operating  procedures  available  for  extraction  of  chitin 
and  chitosan  because  of  their  wide  ranges  of  sources  [39-45].  Although  lots  of  work 
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Table  1  Characteristics  of  chitin  produced  by  different  serial  treatments 


Process  1 

Deproteinization  precedes  decalcification 

Chitin  became  whiter  with  increasing 
concentration  of  NaOH  (1-4%) 

Decalcification  with  4%  HC1  for  only  2  h  was 
sufficient  to  remove  minerals 

The  yield  of  chitin  was  15-20%.  In  this  case, 
the  protein  layer  was  unprotected  because 
the  deproteinization  precedes  the 
decalcification.  That  is  why  during 
demineralization  more  hydrolysis  and  loss 
of  material  in  the  solid  chitin  fraction 
occurred 

Ash  content  was  less  than  1% 


Process  2 

Decalcification  precedes  deproteinization 

Higher  concentration  of  NaOH  (4%)  gave  more 
efficient  removal  of  protein  and  colored 
matter 

Decalcification  first  with  4%  HC1  for  either  2  or 
12  h,  gave  colored  matter  and  the  protein  still 
remained  bound  to  the  solid  matrix 

The  yield  of  chitin  was  20-27%,  which  is 
attributed  to  the  strong  adherence  of  chitin 
to  protein,  leading  to  less  hydrolysis  of  the 
backbone  because  the  decalcification 
precedes  the  deproteinization 

Ash  content  was  1-2% 


Table  2  Variations  on  quality  of  chitosan  with  respect  to  various  serial  treatments  (adapted 
from  [28]) 


Parameter 


Moisture 

Ash 

Degree  of 

Viscosity 

Treatments 

content  (%) 

content  (%) 

deacetylation  (%) 

(cps) 

l%NaOH,  21  hand  4% 

6.71  ±  0.10 

0.51  ±  0.04 

75.9  ±  0.35 

830  ±  30 

HC1,  2  h 

4%  HC1,  2  h  and  1% 

9.52  ±  0.16 

0.89  ±  0.27 

74.3  ±  0.07 

5,268  ±  146 

NaOH,  21  h 

2%  NaOH,  21  h  and  4% 

6.96  ±  0.04 

0.52  ±  0.04 

75.7  ±  0.71 

486  ±  14 

HC1,  2  h 

4%  HC1,  2  h  and  2% 

8.13  ±  0.09 

1.04  ±  0.08 

75.5  ±  0.21 

6,370  ±  254 

NaOH,  21  h 

4%  NaOH,  21  h  and  4% 

8.36  ±  0.06 

0.50  ±  0.08 

75.7  ±  0.28 

435  ±  13 

HC1,  2  h 

4%  HC1,  2  h  and  4% 

7.70  ±  0.14 

1.01  ±  0.001 

75.7  ±  0.85 

5,238  ±  190 

NaOH,  21  h 

1%  NaOH,  21  hand  4% 

7.44  ±  0.21 

0.84  ±  0.08 

73.2  ±  2.05 

160  ±  9 

HC1,  12  h 

4%  HC1,  12  h  and  1% 

12.6  ±  0.15 

0.87  ±  0.04 

74.8  ±  0.57 

3,420  ±  174 

NaOH,  21  h 

2%  NaOH,  21  h  and  4% 

8.11  ±  0.15 

0.71  ±  0.01 

73.8  ±  3.0 

110  ±  4 

HC1,  12  h 

4%  HC1,  12  h  and  2% 

9.38  ±  0.04 

0.96  ±  0.01 

76.3  ±  0.07 

2,919  =b  93 

NaOH,  21  h 

4%  NaOH,  21  h  and  4% 

7.97  ±  0.11 

0.68  ±  0.02 

74.1  ±  1.91 

106  ±  5 

HC1,  12  h 

4%  HC1,  12  h  and  4% 

8.33  ±  0.09 

0.97  ±  0.01 

76.1  ±  0.07 

4,470  ±  115 

NaOH,  21  h 
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Fig.  2  Flow  chart  of  the 
revised  process  for  the 
production  of  chitin 
and  chitosan  [27] 
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Deacetylation 
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has  already  been  done  on  extraction  of  chitin  and  chitosan  from  various  sources, 
significant  research  is  still  required  to  improve  the  production  process  as  well  as  the 
quality  of  chitosan,  especially  from  stored  material  sources.  Toan  [27]  investigated 
the  effect  of  partial  autolysis  during  storage  of  shrimp  biowaste  on  the  quality  of 
extracted  chitin  and  chitosan.  In  this  study,  a  modified  method  was  used  in  which 
the  shrimp  shell  was  allowed  to  undergo  partial  autolysis  before  it  was  used  to 
produce  chitin  and  chitosan.  This  revised  process  for  the  production  of  chitin  and 
chitosan  is  shown  in  Fig.  2. 

In  terms  of  improving  the  quality  of  chitosan,  partial  autolysis  plays  a  crucial 
role  because  it  facilitates  exposure  of  CaC03  directly  to  the  chemicals  used  during 
the  demineralization  process.  For  the  industrial  practice  of  chitin  extraction,  this 
means  that  a  shorter  time  and  lower  concentration  of  HC1  may  be  adequate  to 
demineralize  and  thus  avoid  damage  due  to  the  hydrolytic  action  of  HC1  on  the 
polymeric  backbone  structure  of  chitin.  However,  it  was  found  that  the  protein 
content  after  treatment  of  autolyzed  biomaterial  with  2%  NaOH  was  similar  to  the 
protein  content  after  standard  4%  NaOH  treatment.  Obviously,  this  study  could  help 
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Table  3  Various  sources  of  chitin  with  their  different  treatment  processes 


Source  of  chitin 

Demineralization  process 

Deproteinization  process 

References 

Crab 

HC1 

NaOH 

[46] 

KOH 

[47] 

Shrimp 

HC1 

NaOH 

[48] 

CH3COOH 

KOH 

[46,  49] 

Prawn 

HC1 

NaOH 

[50,  51] 

Krill 

HC1 

NaHC03 

[52] 

KOH 

[52] 

NaOH 

[53] 

Lobster 

HC1 

NaOH 

[54] 

CH202 

NaOH 

[55] 

Crawfish 

HC1 

NaOH 

[51] 

Squid  pen 

Omitted 

NaOH 

[20] 

Table  4  Ash,  moisture,  protein,  nitrogen,  and  acetyl  content  of  selected  chitosans  (adapted 
from  [20]) 


Sample  Source  Ash     %  Moisture    %  Protein    %  Nitrogena    %  Acetyl 


Squid  pen  chitosan 

Squid  (IRL) 

0.17 

2.1 

1.3 

7.5  (7.8) 

49.4 

Seacure  443 

Crab/shrimp 

0.58 

11.2 

1.3 

7.2  (8.2) 

27.2 

chitosan 

(Pronova) 

Sigma  chitosan 

Crab  (Sigma) 

0.51 

4.8 

1.3 

7.1  (8.2) 

27.2 

Profloc  340 

Crab/shrimp 

0.40 

12.9 

1.4 

7.1  (8.2) 

27.2 

chitosan 

(Pronova) 

aNumbers  in  parentheses  indicate  %  nitrogen  after  adjusting  for  ash  and  moisture  content 


reduce  the  cost  of  deproteinization  in  industry  and  could  help  prevent  pollution  of 
the  environment.  The  production  of  chitin  from  various  sources  with  their  different 
treatment  processes  are  summarized  in  Table  3. 

Keeping  in  mind  the  importance  of  chitosan,  as  well  as  its  economic  value  as 
an  industrial  product,  we  must  pay  attention  to  its  key  physical  parameter, 
i.e.,  turbidity.  Depending  on  source,  a  marked  difference  is  observed  in  aqueous 
solutions  of  chitosan  and  its  derivatives  in  terms  of  their  turbidity  [33].  Turbid 
aqueous  solutions  of  chitosan  and  chitosan-derived  products  greatly  lose  their 
commercial  value.  Such  chitosan  cannot  be  used  as  a  commercial  product  and  in 
some  cases  may  have  to  be  discarded.  Therefore,  the  selection  of  source  plays  a 
pivotal  role  in  the  production  of  chitin  and  chitosan.  Shepherd  et  al.  [20]  reported  the 
production  of  chitosan  from  New  Zealand  Arrow  squid  (Notodarus  sloani)  pens  as 
well  as  the  evaluation  of  the  functional  properties  of  this  squid  chitosan  compared 
with  chitosan  extracted  from  crustacean  sources.  Squid  pen  chitin  and  chitosan  were 
visibly  cleaner  than  chitin  and  chitosan  obtained  from  crab  and  crayfish.  In  addition, 
due  to  the  lower  mineral  content  of  squid  pen  as  compared  to  crustacean  shells,  the 
demineralization  process  can  be  skipped  to  extract  chitin,  which  also  makes  the 
production  cheaper.  As  shown  in  Table  4,  the  squid  pen  chitosan  is  similar  in 
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Crustacean  shell 


Demineralization 


Deproteinization 


Squid  pen 


Deproteinization 


Chitin 


Hydrolysis 


Deacetylation 


Glucosamine 


Oligosaccharide 


Carboxylmethylation 

I 


Carboxymethyl  chitin 


Chitosan 


Hydrolysis 

1 


Acid  solution 

1 


Oligosaccharide 


Succinylation 

1 


Chitosan  Salts 
Soluble  in  water 
Solution  with  pH  <6 

Chitosan  succinamide 
Solution  with  pH  of  7  to  12 

Fig.  3  Chitin  and  chitosan  manufacturing  process  (adapted  from  [56]) 

composition  to  commercial  chitosan.  Further,  there  is  a  substantially  lower  amount 
of  ash  contained  in  squid  chitosan  that  makes  the  aqueous  solution  noticeably  cleaner 
than  samples  of  chitin  and  chitosan  from  crab  and  crayfish.  The  manufacturing 
process  of  chitin  and  chitosan  from  squid  pen  as  well  as  crustacean  shell  is  shown 
in  Fig.  3.  The  traditional  and  commercial  chitosan  production  process  has  a  number 
of  unfavorable  characteristics  because  the  process  requires  expensive  heat  energy 
and  caustic  alkali,  which  is  a  potential  health  hazard.  The  process  also  produces  large 
amounts  of  waste,  thereby  necessitating  significant  disposal  costs.  In  addition,  the 
supply  of  shrimp  or  crab  shells  is  highly  dependent  upon  seasonal  and  environmental 
factors,  leading  to  unpredictable  limitations  on  production  capacity  [57]. 

In  recent  years,  chitin  derived  from  fungal  mycelia  has  gained  tremendous 
importance.  Fungal  mycelia  can  be  cultivated  throughout  the  year  by  a  fermentation 
that  is  rapid,  synchronized,  and  can  be  organized  in  a  closed  or  semi-closed 
technological  circuit  to  comply  with  modern  ecological  requirements.  Moreover, 
fungal  mycelia  are  relatively  consistent  in  composition  and  are  not  associated  with 
inorganic  materials.  Therefore,  no  demineralization  treatment  is  required  to  recover 
fungal  chitin  [58].  Teng  et  al.  [29]  investigated  the  concurrent  production  of  chitin 
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from  shrimp  shells  and  fungi  by  placing  shrimp  shells  in  direct  contact  with  the 
fermentation  of  filamentous  fungi  in  a  reactor  so  as  to  avoid  the  use  of  conventional 
chemicals,  which  can  lead  to  undue  deacetylation  of  chitin  or  chain  degradation 
of  the  isolated  chitin.  Three  proteolytic  Aspergillus  niger  strains  (0576,  0307,  and 
0474)  were  selected  from  a  screening  for  protease  activity  from  among  34 
zygomycete  and  deuteromycete  strains.  The  proteolytic  enzymes  released  by  the 
fungi  facilitate  the  deproteinization  of  shrimp  powder  and  the  release  of  hydrolyzed 
proteins.  The  hydrolyzed  proteins  in  turn  act  as  a  source  of  nitrogen  for  further 
fungal  growth,  leading  to  a  lowering  of  the  pH  of  the  fermentation  medium,  and 
thereby  further  enhancing  the  demineralization  of  the  shrimp-shell  powder.  Chitin 
from  non-fermented,  fermented,  and  fungal  mycelia  were  directly  extracted 
with  5%  lithium-chloride-A^,A^-dimethylacetamide  (5%  LiCl  in  DM  Ac),  a  non- 
degradative  solvent  for  chitin  [36].  In  this  process,  two  different  problems  are 
solved  simultaneously  without  using  any  harsh  chemicals.  Fungal  fermentation  is 
a  cost-effective  method  compared  to  commercial  protease  enzymes  that 
deproteinize  but  not  demineralize  the  shrimp  shells. 

Demineralization  is  also  an  important  step  in  chitin  purification  from  crabs.  The 
chemical  method  of  demineralization  includes  the  use  of  strong  acid  (HC1)  that 
harms  the  physicochemical  properties  of  chitin.  For  the  extraction  of  chitin  from 
trash  crabs  (Podophthalmus  vigil),  Das  et  al.  [30]  reported  the  use  of  organic  acids 
(lactic  acid  or  other  organic  acids)  produced  by  Lactobacillus  plantarum  as  a 
replacement  for  HC1  for  demineralization,  and  proteolytic  enzymes  produced  by 
A.  niger  as  a  substitute  for  alkaline  aqueous  solution  for  deproteinization.  Although 
the  removal  of  protein  entirely  from  crustacean  shells  has  not  yet  been  achieved 
using  biological  treatment  during  isolation  of  chitin,  the  quality  of  chitin  obtained 
by  this  process  compares  well  with  chitin  obtained  by  conventional  chemical 
treatment.  The  results  of  chitin  derived  from  the  trash  crab  are  shown  in  Table  5. 
The  study  showed  that  the  effectiveness  of  lactic  acid  for  the  demineralization  of 
crustacean  shells  was  virtually  comparable  to  that  of  HC1.  For  effective  removal 
of  minerals  from  crab  shells  using  lactic  acid,  a  shell  to  acid  ratio  of  1:25  and 
temperature  of  40° C  were  found  to  be  satisfactory.  The  use  of  chemicals  causes 
depolymerization  of  chitin  to  a  certain  extent  and,  thus,  its  molecular  weight  as  well 
as  viscosity  are  affected  after  solubilization  [43]  But,  in  this  case,  the  combination 
of  lactic  acid  and  A.  niger  not  only  produces  partially  soluble  chitin,  which  is 
anticipated  to  increase  its  applications  in  biomedicine  and  pharmacy,  but  also 
reduces  the  production  cost  of  chitin. 

Chitosan  is  less  commonly  found  in  living  organisms  than  chitin  but  it  can  be 
found  in  the  cell  walls  of  certain  groups  of  fungi.  The  traditional  process  of 
obtaining  chitosan  is  the  deacetylation  of  chitin  using  strong  caustic  alkali  but  no 
significant  progress  has  yet  been  made  in  establishing  new  technologies  for  the 
large-scale  controlled  production  of  chitosan.  The  recognition  of  chitin  deacetylase 
in  several  fungi  and  insects  has  given  new  momentum  to  the  conversion  of  chitin 
into  chitosan.  In  contrast  to  the  currently  used  chemical  procedure,  the  use  of 
chitin  deacetylase  offers  the  possibility  of  a  controlled  non-degradable  process, 
resulting  in  the  production  of  novel,  well-defined  chitosan  oligomers  and  polymers. 
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Chittn  do  acetyl  a  so 
(EC  3.5.1  41) 
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Fig.  4  Conversion  of  chitin  to  chitosan  under  the  catalytic  action  of  chitin  deacetylases  [59] 


Table  6  Chitosan  yield  by 
various  endophytic  fungal 
species  (adapted  from  [18]) 


Species 


Fusarium  sp. 
Aspergillus  flavus 
Cladosporium  cladosporioides 
Phoma  sp. 

Botryodiplodia  theobromae 


Yield  of  chitosan  (%) 


5.7 

2.52 

3.11 


Indeed,  the  use  of  biological  treatment  instead  of  chemical  treatment  for  the  isolation 
of  chitin  from  crustacean  shells  as  well  as  for  production  of  chitosan  will  substan- 
tially reduce  environmental  pollution.  The  use  of  chitin  deacetylase  for  the  prepara- 
tion of  chitosan  polymers  and  oligomers  offers  the  possibility  to  develop  an 
enzymatic  process  that  could  potentially  overcome  most  of  the  drawbacks  discussed 
earlier  [59].  As  shown  in  Fig.  4,  chitin  deacetylase  (CDA;  EC  3.5.1.41)  catalyzes  the 
hydrolysis  of  Af-acetamido  bonds  in  chitin  to  produce  chitosan.  The  presence  of  this 
enzyme  has  been  reported  in  several  fungi  and  insect  species  [60-68]. 

Chen  et  al.  [57]  have  patented  an  alternative  method  for  production  of  chitin  and 
chitosan  that  does  not  rely  on  environmentally  harmful  chemicals  or  the  variable 
abundance  of  the  crustacean  crop.  They  demonstrated  high-yield  production  of 
chitosan  or  chitin  from  a  culture  containing  aRhizopus  azygosporus  or  Actinomucor 
taiwanensis  fungus.  Further,  they  have  shown  that  a  medium  containing  corn  steep 
liquor,  glucose,  yeast  extract,  and  ammonium  sulfate  is  capable  of  increasing  the 
output  of  chitin  and  chitosan  from  a  fungal  culture.  Although  the  isolation  of  chitin 
from  fungi  is  environmentally  safe,  the  enzymes  used  for  the  bioconversion  of 
chitin  into  chitosan  require  further  purification,  which  could  subsequently  increase 
the  purification  cost.  Some  fungal  species  for  the  isolation  of  chitosan  are  shown  in 
Table  6.  Therefore,  research  is  being  carried  out  to  find  corresponding  enzymes  in 
bacteria  for  the  biotransformation  of  chitin  to  chitosan  because  bacteria  are  easier 
and  faster  than  fungi  to  grow  in  a  large-scale  fermentation  system.  In  addition, 
bacteria  can  be  utilized  without  the  need  to  purify  the  enzyme. 

Srinivasan  et  al.  [69]  have  patented  a  method  for  isolation  of  an  unknown 
bacterium  from  municipal  sewage.  This  bacterium  can  deacetylate  chitin  to  the 
more  useful,  soluble  chitosan.  Biotransformation  of  chitin  to  chitosan  by  bacteria 
can  be  used  in  an  economical  and  environmentally  friendly  process. 

In  another  study,  Yong  et  al.  [70]  reported  a  novel  chitinase-producing  bacterium 
strain  (C4)  from  soil  samples.  Molecular  identification  confirmed  that  strain  C4 
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Sham 

Fig.  5  The  relative  chitin  deacetylase  (CDA)  activity  of  nine  isolated  bacterial  strains  (adapted 
from  [71]) 

belongs  to  the  genus  Sanguibacter.  The  enzyme  extracted  from  the  bacterium  was 
able  to  degrade  polymeric  chitin  from  crab  and  shrimp  shells,  and  from  insect 
puparium.  The  enzyme  also  displayed  weak  activity  against  chitosan.  Bacterial 
growth  is  faster  than  fungal  growth  and  the  chitosan  deacetylase  (CDA) -producing 
capabilities  of  most  fungal  strains  are  low  and  their  fermentation  requirements  are 
complicated.  Zhou  et  al.  [71]  reported  the  isolation  of  CDA-producing  bacteria  from 
soil  and  optimized  its  fermentation  process.  Among  208  bacteria  isolated  from  fresh 
soil  samples,  nine  were  CDA-producing  strains  of  bacteria,  namely  A8,  A27,  A53, 
BIO,  B45,  73,771 ,  Z29,  and  Z38.  The  relative  CDA  activity  of  these  strains  is  shown 
in  Fig.  5.  As  can  be  seen  from  this  figure,  the  Z7  strain  shows  the  highest  CDA 
activity,  which  was  determined  by  enzyme  assay  screening.  To  enhance  CDA 
production,  various  carbon  sources  (glucose,  lactose,  sucrose,  starch,  corn  meal,  and 
bran),  nitrogen  sources  (beef  extract,  yeast  extract,  casein,  proteose  peptone,  soybean 
meal,  urea,  ammonium  sulfate,  and  sodium  nitrate),  and  inorganic  salts  (MgS04, 
FeS04,  ZnCl2,  GuS04,  MnS04,  and  K2HP04)  were  separately  added  to  the  basal 
formulated  production  medium  at  concentrations  of  2%,  1%  and  0.04%,  respectively. 
Based  on  its  culture,  morphological  and  physiological  characteristics,  and  molecular 
identification,  strain  Z7  was  recognized  as  Bacillus  amyloliquefaciens.  It  was 
concluded  that  yeast  extract  at  a  concentration  of  1%  was  an  ideal  nitrogen  source, 
starch  at  a  concentration  of  2%  functioned  best  as  the  major  carbon  source,  and 
magnesium  sulfate  at  a  concentration  of  0.04%  was  an  ideal  inorganic  salt.  Ideal  pH 
and  temperature  for  optimum  production  of  CDA  by  this  strain  were  pH  6  and  37° C. 
Further  research  is  continuing  to  find  a  suitable  strain  of  CDA-producing  bacteria  for 
the  bioconversion  of  chitin  to  chitosan  to  circumvent  environmentally  related 
problems  caused  during  the  traditional  deacetylation  of  chitin  using  the  harsh  chemical 
NaOH  pyrolysis  method. 
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Table  7  Approximate  composition  of  crustacean  shell  wastes  as  a  percentage  of  dry  weight 
[47,73-75] 


Parameter 


Source  of  chitin 

%  Ash  content 

%  Protein 

a        ;+;  „ 

%  Cnitin 

CI   T  1  „  1  J ,, 

%  Lipids 

Shrimp 

Penaeus  monodon 

23.0 

47.4 

40.4 

1.3 

Pandalus  borealis 

34.2 

41.9 

17.0 

5.2 

Crangon  crangon 

27.5 

40.6 

17.8 

9.9 

Crab 

Collinectes  sapidus 

58.6 

25.1 

13.5 

2.1 

Chinoecetes  opilio 

40.6 

29.2 

26.6 

1.3 

Craw  fish 

Procamborus  clarkia 

46.6 

29.8 

13.2 

5.6 

Krill 

Euphausia  superba 

23.0 

41.0 

24.0 

11.6 

Prawn 

29.4 

61.6 

33.0 

1.4 

In  another  study,  Kaur  et  al.  [72]  reported  the  isolation  of  20  strains  of  bacteria 
from  soil  samples  collected  from  different  beaches  in  Chennai,  India.  Of  these  20 
bacterial  strains,  only  two  strains  (S3,  SI 4)  are  potent  degraders  of  chitin  and  they 
are  also  good  producers  of  the  enzyme  chitin  deacetylase  that  catalyzes  release  of 
chitosan. 

However,  crustacean  shell  wastes  are  extensively  used  for  the  production  of 
chitosan  because  the  percentage  availability  of  chitin  is  higher  compared  to  other 
sources.  Therefore,  the  approximate  composition  of  different  crustacean  shell 
wastes  are  given  in  Table  7. 


4  Characterization 

Because  the  properties  of  chitin  straightforwardly  and  inherently  depend  on  the 
source  of  chitin,  it  is  necessary  to  characterize  the  properties  of  chitin  before  it  is 
further  utilized  for  a  specific  application.  In  fact,  not  every  chitin  or  chitosan  sample 
can  be  used  for  the  same  applications.  That  is  why  a  complete  characterization  of 
the  samples  is  mandatory.  The  physicochemical  characteristics  of  chitin  and 
chitosan  and  the  determination  methods  are  summarized  in  Table  8. 

In  the  context  of  characterization  of  chitin  and  chitosan,  it  is  noteworthy  that  the 
results  may  vary  depending  on  the  method  used.  Therefore,  it  is  essential  to  indicate 
the  characterization  method.  As  chitosan  is  a  natural  biodegradable  polymer  with  a 
wide  range  of  biomedical  applications,  its  biodegradation  rate  also  plays  a  crucial 
role.  But,  there  is  a  dilemma  regarding  the  biodegradation  rate  of  chitosan.  Some 
researchers  report  that  it  depends  on  the  distribution  of  the  acetamide  groups  in  the 
chitosan  molecule  [92] .  However,  chitosan  with  a  low  degree  of  deacetylation  (DD) 
tends  to  degrade  more  rapidly  and  vice  versa.  Therefore,  it  can  be  presumed  that  it  is 
impossible  to  determine  the  biodegradation  rate  from  the  DD  alone. 
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Table  8  Physicochemical  characteristics  of  chitin  and  chitosan  and  the  determination  methods 


Physicochemical 
characteristic 


Determination  methods 


Degree  of  deacetylation 


Average  Mw  and/or  M 

distribution 
Crystallinity 
Moisture  content 
Ash  content 
Protein 


w 


Infrared  spectroscopy  [76-78],  first  derivative  UV- spectrophotometry 
[79,  80],  nuclear  magnetic  resonance  spectroscopy  (XHNMR)  and 
(13CNMR)  [81-83],  conductometric  titration  [83],  potentiometric 
titration  [84],  differential  scanning  calorimetry  [85] 

Viscometry  [86],  gel  permeation  chromatography  [87],  light 
scattering  [88] 

X-ray  diffraction  [89] 

Gravimetric  analysis  [90] 

Gravimetric  analysis  [90] 

Bradford  method  [91] 


5    Structure  of  Chitin  and  Chitosan 

Chitin  is  the  second-most  abundant  natural  biopolymer  (just  after  cellulose)  on 
earth  and  it  is  found  in  the  structure  of  a  wide  number  of  invertebrates  (crustacean 
exoskeletons,  insect  cuticles)  and  the  cell  walls  of  fungi,  among  others  [93-95]. 
Depending  on  source,  chitin  is  available  in  three  different  polymeric  configurations, 
namely  oc-chitin,  p-chitin,  and  y-chitin.  Usually,  oc-chitin  is  extracted  from  the 
exoskeletons  of  crustaceans,  particularly  shrimps  and  crabs  [96,  97].  p-Chitin  can 
be  extracted  from  squid  pens,  and  y-chitin  from  fungi  and  yeast  [98].  oc-Chitin  is  the 
most  common  form,  whereas  p-chitin  is  more  reactive  [99]  and  shows  a  higher 
affinity  for  solvents  [100].  p-Chitin  is  easily  converted  to  oc-chitin  by  alkaline 
treatment  followed  by  flushing  in  water  [101].  Basically,  chitin  and  chitosan  are 
described  as  a  family  of  linear  polysaccharides  consisting  of  varying  amounts  of 
P-(l  — ■»  4)-linked  residues  of  A^-acetyl-2-amino-2-deoxy-D-glucose  (A  residues) 
and  2-amino-2-deoxy-D-glucose  residues  (D  residues).  The  structure  of  chitin  and 
chitosan  is  shown  in  Fig.  6.  Chitosan  samples  have  a  low  amount  of  D  units  and 
hence  the  polymer  is  insoluble  in  acidic  aqueous  media.  On  the  other  hand,  the 
amount  of  D  units  in  chitosan  samples  is  high  enough  to  allow  the  polymer  to 
dissolve  in  acidic  aqueous  media. 


6    Properties  of  Chitin  and  Chitosan 

Due  to  the  presence  of  variable  compounds  in  the  natural  sources  from  which  chitin 
and  chitosan  are  extracted,  the  physical  and  chemical  properties  of  both  chitin  and 
chitosan  vary  remarkably.  Chitosan  has  been  described  as  a  nontoxic,  biodegradable, 
and  biocompatible  polymer  with  very  interesting  biological  properties,  such  as 
permeation-enhancing  and  mucoadhesive  properties,  anticoagulant  and  antimicro- 
bial activity  and  so  on.  The  properties  of  chitosan  are  greatly  affected  by  the 
conditions  under  which  it  is  processed,  because  it  is  the  process  conditions  that 
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Fig.  6  Chemical  structure  of  100%  acetylated  chitin  (a)  and  chitosan  (b) 

control  the  amount  of  deacetylation  that  occurs.  The  degree  of  deacetylation  controls 
the  amount  of  free  amino  groups  in  the  polymer  chain.  The  free  amino  groups  give 
chitosan  its  positive  charge.  The  amino  groups  along  with  the  hydroxyl  groups  gives 
chitosan  its  functionality,  which  allows  it  to  be  a  highly  reactive  polysaccharide. 
Chitosan' s  positive  charge  allows  it  to  have  many  electrostatic  interactions  with 
negatively  charged  molecules.  The  processing  conditions  as  well  as  the  amount  of 
functional  groups  created  by  deacetylation  allow  for  side-group  attachment,  which 
then  effects  crystallinity.  This  is  directly  related  to  the  ability  of  chitosan  to  solubi- 
lize  in  acidic  aqueous  solutions,  which  is  an  important  aspect  of  its  processability 
[102-104].  The  readers  are  directed  to  other  reviews  or  articles  for  more  information 
on  the  various  properties  of  chitosan  [13,  25,  105-109].  A  few  physical,  chemical, 
and  biological  properties  are  listed  here: 
Physical  properties 

•  Amorphous  nature 

•  Crystallinity 

•  Viscosity 

Chemical  properties 

•  Linear  polyamine 

•  Reactive  amino  groups 

•  Reactive  hydroxyl  groups 

•  Chelates  many  transitional  metal  ions 

Biological  properties 

•  Nontoxic 

•  Biodegradable 
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•  Biocompatible 

•  Cytocompatible 

•  Antimicrobial 

•  Anticholesterolemic 

•  Anti- oxidant 

•  Anti-inflammatory 

•  Analgesic 

•  Hemostatic 

•  Fungistatic 

•  Spermicidal 

•  Antitumorigenic 

•  Mucoadhesive 

•  Stimulates  angiogenesis 

•  Activates  macrophages 

•  Promotes  granular  tissue  and  scar  formation 

•  Enhances  adsorption 

•  Binds  to  mammalian  and  microbial  cells  aggressively 

•  Has  a  regenerative  effect  on  connective  gum  tissue 

•  Accelerates  the  formation  of  osteoblasts  responsible  for  bone  formation 

•  Central  nervous  system  depressant 

•  Immunoadjuvant 


7    Limitations  of  Using  Chitin 


In  spite  of  having  abundant  availability  of  chitin  in  nature,  it  is  extremely  insoluble 
in  dilute  aqueous  or  conventional  organic  solvents  due  to  its  strong  intra-  and 
interhydrogen  bonds.  Therefore,  chitin  has  yet  to  find  large-scale  industrial  uses. 
No  economical  and  suitable  solvent  is  known  for  the  dissolution  of  chitin  upon 
isolation  of  chitin  from  the  exoskeletons  of  crustacean  shells.  The  weak  solubility 
of  chitin  is  the  main  constraint  for  its  usage  in  biomedicine  and  biotechnology,  even 
though  it  possesses  versatile  biological  activities. 


8    Chemical  Modifications  of  Chitosan 


Over  decades,  much  emphasis  has  been  given  to  chemical  modifications  of 
chitosan,  bearing  in  mind  that  chitosan  is  normally  insoluble  in  solutions  above 
pH  6  and  requires  acid  to  be  protonated  [110].  Chitin  has  two  hydroxyl  groups, 
whereas  chitosan  has  one  reactive  amino  group  as  well  as  two  hydroxyl  groups  in 
the  repeating  N- acetyl  glucosamine  and  glucosamine  residues,  respectively  [111]. 
Therefore,  various  chemical  modifications  have  been  introduced  to  increase  not 
only  the  water  solubility  of  chitosan  but  also  to  chemically  modify  these  groups  for 
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the  regeneration  reactions,  which  give  rise  to  various  novel  biofunctional  macro- 
molecular  products  having  the  original  or  new  types  of  organization  [24].  The 
chemical  modification  of  chitosan  is  a  powerful  tool  for  controlling  the  interaction 
of  the  polymer  with  drugs  and  thus  to  enhance  the  load  capability  to  tailor  the 
release  profile  of  the  particles  [112].  Chemically  modified  chitosan  improves  its 
bulk  properties  for  the  preparation  of  sustained  release  systems.  There  are  different 
ways  to  chemically  modify  chitosan.  Among  them,  chemical  modification  via  graft 
copolymerization  seems  promising  as  it  can  provide  a  wide  variety  of  molecular 
characteristics.  In  view  of  increasing  the  water  solubility  of  chitosan,  amphiphilic 
derivatives  of  chitosan  have  received  much  attention  by  researchers.  To  prepare 
such  types  of  compound,  hydrophobic  moieties  are  introduced  to  the  chitosan 
backbone  using  methodologies  such  as  alkylation,  acylation,  and  graft  copolymeri- 
zation. Many  works  related  to  chemical  modification  of  chitosan  have  been  reported 
in  the  literature.  This  section  will  describe  the  procedures  for  some  of  the  chemi- 
cally modified  chitosans. 


8.1    Chitosan-g-PEG  Copolymer  [113] 


Under  normal  conditions,  neither  the  hydroxyl  groups  nor  amino  groups  of  chitosan 
react  with  the  hydroxyl  end  groups  of  poly  (ethylene  glycol)  (PEG).  Therefore, 
the  monomethyl  ether  of  PEG  (mPEG)  is  used.  Firstly,  mPEG  is  converted  into 
PEG-aldehyde  (mPEG-CH=0)  by  oxidizing  it  with  DMSO  and  acetic  anhydrate 
[114].  Then,  mPEG-CH=0  is  reacted  with  chitosan  in  the  presence  of  NaCNBH3 
in  order  to  prepare  the  grafted  materials.  In  this  case,  Schiff  base  is  produced 
first  by  the  reaction  of  an  amino  group  of  chitosan  with  the  aldehyde  group  of 
mPEG-CH=0,  followed  by  reductive  amination  to  obtain  the  copolymer  of 
chitosan  and  PEG  (CS-g-PEG).  In  brief,  chitosan  (0.5  g)  was  dissolved  in  a  mixture 
of  aqueous  2%  acetic  acid  (40  mL)  and  methanol  (20  mL)  and  then  a  previously 
prepared  aqueous  solution  of  mPEG-CH=0  of  molecular  weight  (Mw)  2,000  g/mol 
(2.9  g)  was  added  dropwise  under  stirring  for  30  min  at  room  temperature  [115]. 
After  that,  the  pH  of  the  chitosan/PEG-aldehyde  solution  was  gradually  increased 
by  adding  Na2C03  until  pH  6.  After  1  h,  NaCNBH3  (0.183  g)  was  added  and  the 
mixture  was  stirred  for  5  h  at  55° C.  The  precipitate  was  obtained  by  pouring  the 
reaction  mixture  into  a  saturated  ammonium  sulfate  solution  [116].  The  precipitate 
was  filtered  and  dialyzed  against  aqueous  0.05  M  NaOH  and  water  alternately  for 
96  h  using  a  dialysis  membrane  bag  with  a  molecular  weight  cut-off  of  12,400. 
The  solutions  were  frequently  changed  until  the  pH  of  the  external  water  phase 
reached  7.  The  material  from  the  inner  solution  was  freeze-dried  and  washed 
with  ethanol  and  acetone  in  order  to  remove  unreacted  mPEG  in  the  system. 
Finally,  after  drying  in  a  vacuum  oven,  a  white  powder  of  CS-g-PEG  was  obtained. 
Basically,  it  is  a  two-step  process.  A  schematic  diagram  for  the  synthesis  of  CS-g-PEG 
copolymer  is  shown  in  Fig.  7. 
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Fig.  7  Synthesis  of  chitosan-g-PEG  copolymer  [113] 

8.2    Chitosan-4-Thiol-Butylamidine  [117] 

To  prepare  chitosan-4-thiol-butylamine,  chitosan  was  first  selectively  depolymerized 
following  the  method  developed  by  Huang  et  al.  [118].  Then,  the  inclusion  of  thiol 
groups  in  the  different  hydrolyzed  chitosans  was  carried  out  following  the  method 
developed  by  Bernkop-Schniirch  et  al.  [1 19].  In  brief,  1  g  of  chitosan  was  solubilized 
in  100  mL  of  acetic  acid  solution  (1%,  w/v).  The  pH  of  the  solution  was  adjusted  to 
6.5  with  NaOH  (1  N).  Then,  Traunt's  reagent  (2-iminothiolane)  was  added  in  a 
weight  ratio  of  5:2  for  chitosan:2-iminothiolane.  After  an  incubation  period  of  24  h  at 
room  temperature  under  continuous  stirring,  the  resulting  thiolated  polymer  was 
dialyzed  using  a  Spectra/Por  3  membrane  with  a  molecular  weight  cut-off  of  3,500 
against  different  aqueous  media.  Dialyzed  products  were  freeze-dried  and  stored  at 
— 20° C  until  use.  The  resulting  polymer  was  chitosan-4-thiol-butylamidine. 


8.3    mPEG-Grafted  Phthaloyl  Chitosan  [120] 

Chitosan  with  a  degree  of  deacetylation  of  85%  was  used  for  the  preparation  of 
phthaloyl  chitosan  and  it  was  designated  as  phCS  85.  This  phCS  85  was  further  used 
for  the  preparation  of  mPEG-grafted  phCS.  In  brief,  phCS  85  (1.0  g)  was  stirred  with 
mPEG  of  Mn  2000  (mPEG  2000)  (3.04  g,  0.4  mol  equivalent  to  phCS  85)  in  DMF 
solution  (20  mL).  1 -Hydroxy- l//-bezotriazole,  monohydrate  (HOBt)  (0.59  g,  3  mol 
equivalent  to  mPEG  2000)  was  added  and  stirred  at  room  temperature  until  the 
solution  became  clear.  l-Ethyl-3-(3/-dimethylaminopropyl)  carbodiimide,  hydro- 
chloride (EDC)  (0.89  g,  3  mol  equivalent  to  mPEG  2000)  was  added  and  stirred 
overnight.  The  mixture  was  dialyzed  using  a  dialysis  tubing  cellulose  membrane  with 
a  molecular  weight  cut-off  of  12,400  against  distilled  water  to  obtain  the  product 
phCS  85-mPEG  2000  in  white  colloidal  solution  form.  The  product  was  collected  in 
solid  form  by  centrifuging,  washing  with  ethanol,  and  drying  under  vacuum. 
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Fig.  8  Preparation  of 
N-maleated  chitosan 


N-maleated  chitosan 


8.4   N-Maleated  Chitosan 

To  synthesize  N-maleated  chitosan  (NMC),  Wang  et  al.  [121]  adopted  the  method 
already  published  by  Lu  et  al.  [122].  In  brief,  chitosan  (2  g)  was  dispersed  in 
150  mL  of  DMSO  under  stirring,  and  the  maleic  anhydride  (3.5  g)  dissolved  in 
DMSO  was  added.  The  reaction  was  carried  out  at  60°  C  for  8  h.  The  product  was 
precipitated  in  acetone,  filtered,  washed  with  acetone  and  ether  three  times,  and 
then  dried  to  obtain  NMC.  A  scheme  showing  the  preparation  of  NMC  is  shown  in 
Fig.  8. 


9    Importance  of  Engineering  Chitosan-Based 
Nanoparticles,  Nanospheres,  and  Nanogels 

The  development  of  well-organized  carrier  systems  in  the  nanoscale  range  for  various 
biomedical  applications  has  been  a  major  challenge,  particularly  for  researchers 
working  in  the  biomedical  domain  [123-128].  The  development  of  efficient  carrier 
systems,  based  on  multifunctional  polysaccharide-based  nanomaterials,  combining 
diagnostic  and  therapeutic  use  have  recently  attracted  intensive  interest  [129]. 
Polysaccharides  are  a  class  of  biological  macromolecules  that  play  important  roles 
in  a  wide  variety  of  biochemical  and  biomechanical  functions  [130].  Among  the 
several  classes  of  polymeric  materials  (including  polysaccharides)  that  have  become 
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important  tools  for  biomaterial  scientists,  chitosan  possesses  unique  properties  that 
have  recently  been  used  in  a  wide  range  of  biomedical  applications.  Unlike  other 
polysaccharides,  chitosan  is  polycationic  in  nature  and,  therefore,  it  is  able  to  bind 
negatively  charged  molecules  [13].  On  the  other  hand,  chitosan  offers  the  possibility 
of  modifying  different  chemical  groups  in  its  structure  [131].  In  order  to  realize  its  full 
biochemical  and  biomechanical  potential,  biomaterial  scientists  are  exploring  ways  to 
engineer  chitosan  and  chitosan-based  nanostructures  that  can  be  used  to  tune  the 
response  of  biological  systems  (namely  cells,  tissues,  etc.)  to  these  materials  [132]. 


9.1    Chitosan-Based  Nanoparticles 

The  importance  of  chitosan-based  nanoparticles  is  noteworthy  in  the  context  of 
their  biomedical  applications.  Various  methods  are  available  for  nanoparticles 
syntheses.  In  2007,  Zhang  et  al.  [133]  reported  the  synthesis  of  oleoyl-chitosan 
(OCH)  nanoparticles  with  an  almost  spherical  shape  and  a  mean  diameter  of 
255.3  nm  as  drug  carriers  for  doxorubicin  (DOX)  by  oil-in- water  emulsification 
according  to  a  published  method  [134].  In  brief,  OCH  was  dissolved  in  0.1  M  acetic 
acid  followed  by  subsequent  addition  of  methylene  chloride  under  stirring.  Then, 
the  mixture  was  homogenized  four  times.  The  solution  was  held  under  vacuum  for 
2  h  at  20° C  to  remove  methylene  chloride  and  then  1  mL  of  0.25%  sodium 
tripolyphosphate  solution  was  added  as  a  crosslinker.  DOX-OCH  nanoparticles 
were  prepared  in  a  similar  way  except  that  DOX  was  added  to  the  OCH  solution 
before  initiating  homogenization.  The  authors  evaluated  the  usefulness  of  OCH 
nanoparticles  as  carriers  for  DOX  by  measuring  their  encapsulation  efficiency,  drug 
release  profile,  and  inhibitory  rates  for  different  human  cancer  cells  (A549,  Bel- 
7402,  HeLa,  and  SGC-7901)  in  vitro.  The  results  indicated  that  the  percentage 
inhibitory  rate  of  DOX  solution  and  of  a  DOX-OCH  nanoparticle  suspension  for  all 
cancer  cells  increased  with  an  increase  in  DOX  concentration  and  extension  of 
treatment,  but  that  DOX-OCH  nanoparticles  showed  better  inhibition  of  cancer 
cells  than  DOX  itself  [133]. 

In  another  study,  Manaspon  et  al.  [135]  reported  a  drug  delivery  system  using 
folate-conjugated  pluronic  F127/chitosan  core-shell  nanoparticles  for  delivering 
DOX  to  the  target  cancer  cells  in  a  different  way.  In  this  case,  DOX  was 
encapsulated  in  pluronic  F127  micelle  cores  in  the  presence  of  sodium  dodecyl 
sulfate  (SDS)  by  a  self-assembly  method,  which  is  a  spontaneous  process  at  or 
above  the  critical  concentration  (CMC)  of  around  0.1%  (w/v)  [136-139].  This  was 
followed  by  forming  a  layer  of  either  chitosan  or  folate-conjugated  chitosan  onto 
the  pluronic  micelles  via  an  electrostatic  interaction.  From  the  study  of  particle  size 
as  well  as  zeta  potential  of  both  micelles,  the  DOX-loaded  micelles  were  not 
stable  and  could  easily  coagulate,  which  can  be  problematic  for  drug  delivery 
applications.  To  solve  this  problem,  SDS  was  used  to  ameliorate  the  stability  of 
the  micelles.  Being  an  anionic  surfactant,  SDS  can  interact  with  pluronic  micelles 
by  binding  to  the  hydrophobic  core  followed  by  interaction  with  hydrophilic  corona 
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parts  [140].  The  initial  burst  release  values  of  DOX  from  chitosan  and  folate- 
conjugated  chitosan  nanoparticles  were  19.6%  and  22.4%,  respectively,  in  the 
first  24  h  followed  by  a  constant  sustained  release  of  the  drug.  The  release  profiles 
were  quite  similar  to  those  obtained  for  chitosan  nanoparticles  reported  elsewhere 
[141-143],  for  which  the  kinetics  often  follow  the  first-order  rate  law  [144].  The 
cellular  uptake  rate  of  the  folate-conjugated  chitosan  nanoparticles  was  relatively 
faster  than  that  of  the  chitosan  nanoparticles.  This  could  be  due  to  the  more 
effective  folate-mediated  endocytosis.  Both  types  of  nanoparticles  exhibited  similar 
toxicity  profiles  against  MCF-7  cancer  cells.  Here  also,  the  results  indicated  that  the 
lower  cell  viability  corresponded  to  a  higher  DOX  concentration  and  longer 
incubation  time.  These  core-shell  nanoparticles  are  very  promising  as  delivery 
vectors  for  the  treatment  of  tumors,  especially  breast  cancer,  for  which  folate 
receptors  are  overexpressed. 

To  date,  biodegradable  thermoresponsive  drug  carriers  are  being  purposely 
engineered  and  constructed  with  nanometer  dimensions  [145].  These  approaches 
make  it  possible  to  develop  smart  materials  like  thermoresponsive  drug  delivery 
vehicles.  Recently,  poly (N- vinyl  caprolactam)  (PNVCL)  has  superseded  the  most 
commonly  used  pH  and  temperature- sensitive  polymer  i.e.  poly(7V-isopropyla- 
crylamide)  (PNIPAAm)  because  of  its  superior  thermoresponsive  nature,  complexa- 
tion  ability,  and  biocompatibility  [146].  The  most  important  advantages  of  these 
thermoresponsive  polymeric  nanomaterials  include  their  high  tunability,  through  the 
switch  on  and  off  mechanism,  and  good  biodegradability  because  of  the  conjugation 
with  a  biocompatible  chitosan  moiety  [146].  Surprisingly,  at  present  there  are  no 
studies  concerning  the  use  of  these  nanoformulations  for  cancer  therapy.  However, 
Rejinold  et  al.  [146]  reported  the  development  of  a  nanoformulation  of  5-fluorouracil 
(5-FU)  with  biodegradable  thermoresponsive  chitosan-g-PNVCL  nanoparticles 
(TRC  NPs)  produced  by  an  ionic  crosslinking  method.  5-FU,  a  pyramidine  analog 
that  interferes  with  thymidylate  synthesis  against  solid  tumors  [147],  has  a  broad 
spectrum  of  activity  but  possesses  a  short  biological  half-life  due  to  rapid  metabo- 
lism, incomplete  and  non-uniform  oral  absorption  due  to  rapid  metabolism  by 
dihydropyramidine  dehydrogenase,  and  non-selective  action  against  healthy  cells. 
This  problem  can  be  overcome  by  developing  appropriate  nanocarrier  systems 
that  can  efficiently  release  5-FU  to  the  target  sites.  Rejinold  et  al.146  showed  that 
the  5-FU  drug  release  was  more  prominent  above  its  lower  critical  solution  temper- 
ature (LCST)  (38°C)  compared  to  release  below  the  LCST.  The  5-FU-TRC  NPs 
were  toxic  to  PC3,  KB,  and  MCF7  cancer  cells,  which  indicated  the  inhibition  to 
cancer  cells.  Therefore,  it  can  be  said  that  the  novel  TRC  NPs  could  be  used  as 
promising  cancer  drug  delivery  vehicles  when  subjected  to  a  temperature  increase 
using  external  sources. 

The  ionic  gelation  method  has  received  tremendous  attention  in  recent  years  for 
the  preparation  of  nanocarriers  for  low  molecular  drugs  [148].  As  far  as  chitosan- 
based  nanoparticles  are  concerned,  sodium  tripolyphosphate  (TPP)  is  usually  used 
as  ionic  crosslinking  agent.  Chitosan-based  nanoparticles  can  also  be  prepared  using 
self-assembly  methods.  In  this  case,  polyanionic  compounds  are  selected  and 
then  allowed  to  react  separately  with  chitosan  and  modified  chitosan.  Electrostatic 
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interactions  between  oppositely  charged  polyelectrolytes  lead  to  the  formation  of 
nanoparticles.  The  electrostatic  interactions  are  instrumental  in  determining  the 
structure  and  function  of  living  organisms,  biopolymers,  and  drug  delivery  systems 
(DDSs).  Oppositely  charged  polyelectrolytes  are  capable  of  forming  stable  intermo- 
lecular  complexes.  The  structures  formed  by  opposite  charges  are  normally  more 
stable  than  neutral  block  copolymers  micelles  dissociating  upon  dilution  or  with  a 
slight  change  in  the  external  conditions.  Grenha  et  al.  [149]  reported  the  preparation 
of  chitosan-based  nanoparticle-loaded  mannitol  microspheres  as  a  candidate  to 
transport  therapeutic  protein-loaded  nanoparticles  to  the  lungs.  In  this  study, 
BSA-loaded  chitosan  nanoparticles  were  first  prepared  by  the  interaction  between 
chitosan  and  TPP  using  an  ionic  gelation  method.  Next,  these  nanoparticles  were 
suspended  in  mannitol  for  spray-drying  to  form  dry  powders  of  BSA-loaded 
chitosan/TPP  nanoparticles.  The  distribution  of  chitosan  nanoparticles  and  mannitol 
in  the  microspheres  was  characterized  using  confocal  laser  scanning  microscopy 
(CLSM),  X-ray  photoelectron  spectroscopy,  and  time-of-flight  secondary  ion  mass 
spectroscopy.  Zhang  et  al.  [150]  reported  that  polyionic  hydrogels  prepared  by  ionic 
gelation  have  the  advantage  of  creating  an  environment  that  favors  the  stabilization 
of  bioactive  agents.  In  an  another  study,  Fan  et  al.  [151]  reported  the  preparation  of 
monodisperse,  low  molecular  weight  (LMW)  chitosan  nanoparticles  by  a  novel 
method  based  on  ionic  gelation  using  TPP  as  a  crosslinking  agent.  The  objective 
of  this  study  was  to  solve  the  problem  of  preparation  of  chitosan/TPP  nanoparticles 
with  a  high  degree  of  monodispersity  and  stability,  and  to  investigate  the  effect  of 
various  parameters  on  the  formation  of  LMW  chitosan/TPP  nanoparticles.  It  was 
found  that  the  particle  size  distribution  of  the  nanoparticles  could  be  significantly 
narrowed  by  a  combination  of  decreasing  the  concentration  of  acetic  acid  and 
reducing  the  ambient  temperature  during  the  crosslinking  process.  The  optimized 
nanoparticles  exhibited  a  mean  hydrodynamic  diameter  of  138  nm  with  a  polydis- 
persity  index  (PDI)  of  0.026  and  a  zeta  potential  of  +35  mV.  The  nanoparticles  had 
good  storage  stability  at  room  temperature  for  up  to  at  least  20  days.  Katas  and  Alpar 
[152]  prepared  chitosan  nanoparticles  using  two  methods  of  ionic  crosslinking: 
simple  complexation  and  ionic  gelation  using  TPP.  Both  methods  produced 
nanosized  particles  (<500  nm),  depending  on  the  type,  molecular  weight,  and 
concentration  of  chitosan.  In  the  case  of  ionic  gelation,  the  TPP  weight  ratio  and 
pH  also  affected  the  particle  size.  Papadimitriou  et  al.  [113]  demonstrated  the 
production  of  CS-g-PEG  nanoparticles  by  the  ionic  gelation  method  using  two 
crosslinking  agents,  TPP  and  poly  (glutamic  acid)  (PGA).  According  to  them,  no 
other  research  has  yet  been  published  using  PGA  as  ionic  crosslinking  agent  for 
CS-g-PEG  nanomaterials  in  order  to  create  protein  nanocarriers.  In  brief,  aqueous 
CS-g-PEG  solutions  at  different  concentrations  (0.5,  1.0,  1.5,  and  2.0  mg/mL)  were 
first  prepared  at  pH  3.5.  Aqueous  TPP  or  PGA  (0.5  mg/mL  final  concentration)  were 
premixed  with  BSA  stock  solution  (2  mg  final  drug  amount  to  the  samples)  and  then 
added  into  the  aqueous  CS-g-PEG  solutions  at  a  rate  of  1  mL/min.  The  obtained 
nanoparticles  were  collected  by  centrifugation  at  32,000  rpm  for  50  min.  Both  the 
crosslinking  agents  had  a  great  influence  on  the  particle  size,  although  all  nanoparti- 
cle  samples  showed  a  unimodal  size  distribution.  It  was  found  that  a  CS-g-PEG:TPP 
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ratio  of  2:1  gave  the  smaller  nanoparticle  sizes  (177  ±  7  nm)  whereas  CS-g-PEG: 
PGA  at  2:1  gave  the  bigger  nanoparticle  sizes  (456  ±  8  nm).  Therefore,  the  produc- 
tion of  nanoparticles  with  lower  particle  sizes  is  attributed  to  the  high  reactivity  of 
TPP  compared  to  PGA. 

In  another  study,  Yao  et  al.  [153]  reported  a  mild  method  for  the  preparation  of 
PEGylated  carboxymethylchitosan  (CMCTS)  nanoparticles  via  amino  groups 
grafted  or  crosslinked  with  mPEG-aldehyde  or  PEG-bisaldehyde  in  aqueous 
media.  Synthesis  schemes  for  mPEG-g-CMCTS  and  PEG-CMTCS  are  depicted 
in  Fig.  9.  In  brief,  mPEG-g- CMCTS  (Fig.  9a)  was  synthesized  by  alkylation  of 
CMCTS  followed  by  Schiff  base  formation.  CMCTS  was  dissolved  in  100  mL 
water  and  mPEG-aldehyde  added  to  the  solution.  The  solution  was  then  adjusted  to 
pH  7  with  saturated  sodium  carbonate.  The  reaction  mixture  was  stirred  at  about 
5°C  for  24  h.  The  solution  containing  CMCTS  nanoparticles  was  purified  by 
dialysis  for  3  days  against  distilled  water  and  then  freeze-dried.  PEG-CMCTS 
was  prepared  by  a  similar  method  to  mPEG-g-CMCTS,  as  shown  in  Fig.  9b.  The 
differences  were  that  PEG  was  used  instead  of  mPEG  and  it  was  crosslinked  with 
CMCTS.  The  particle  size  of  mPEG-g-CMCTC  measured  by  transmission  electron 
microscopy  (TEM)  varied  in  the  range  of  300  nm  to  1 . 1  um,  depending  on  the  graft 
volume  of  mPEG  2000.  The  average  size  of  PEG-CMCTS  nanoparticles  measured 
by  DLS  was  122-500  nm,  depending  on  the  molecular  weight  of  PEG.  Schiff  bases 
contain  a  chemical  bond  that  is  acid-sensitive  at  pH  5.4,  which  is  consistent  with  the 
pH  of  tumor  tissue.  These  nanoparticles  might  give  the  antitumor  drug  passive 
targeting  after  combining.  Therefore,  they  have  great  potential  as  antitumor  drug 
carriers,  especially  for  drug  delivery  and  release. 

It  is  known  that  exposure  of  chitosan  to  y-irradiation  reduces  the  molecular 
weight  of  chitosan,  but  there  has  been  no  report  about  nanoscale  chitosan  products 
being  created  by  y-irradiation.  Pang  et  al.  [154]  reported  the  preparation  of 
deoxycholate-chitosan  with  the  size  of  200-600  nm  and  showed  that  it  had  the 
ability  to  encapsulate  tocopherol  acetate  and  steric  methyl  ester.  As  nanoscale 
material  is  defined  as  being  smaller  than  100  nm,  a  systematic  protocol  to  reduce 
and  control  the  particle  size  of  chitosan  still  requires  further  studies  to  achieve  not 
only  a  simple  and  effective  preparation  protocol  but  also  a  superior  potential 
product.  Pasanphan  et  al.  [155]  investigated  the  systematic  preparation  of  chitosan 
nanoparticles  in  the  potential  range  1-100  nm  using  y-irradiation.  They  showed  the 
effect  of  irradiation  conditions  in  terms  of  the  physical  form  of  chitosan  (i.e.,  flake, 
colloidal,  and  acidic  solution)  and  y-ray  dose.  Interestingly,  heterogeneous  chemical 
conjugation  of  deoxycholic  acid  onto  10  kGy-irradiated  colloidal  chitosan  resulted  in 
particle  sizes  as  small  as  50  nm. 

Ultrasonication  is  a  common  tool  for  the  preparation  and  processing  of  polymer 
nanoparticles.  It  is  particularly  effective  in  breaking  up  aggregates  and  in  reducing 
the  size  and  polydispersity  of  nanoparticles.  The  physical  stability  and  in  vivo 
distribution  of  nanoparticles  are  affected  by  their  mean  size,  polydispersity,  and 
surface  charge  density.  Despite  the  widespread  applications  of  ultrasonication 
in  nanotechnology,  its  effects  on  chitosan  nanoparticles  are  not  well  understood. 


110 


J.  Dutta 


MPEG 


ca  rboxy  methylch  itos  an 

CH2OCH2COOH 

°  CH2OCH2COOH 


H3C^OCH2CH^OCH2CH^-OH 


DMSO 
acetic  anhydride 


24h  N- 


H3C-|-OCH2CH2-hOCH2CHO 

/n 


water 

24h 

pH=7 

CH2OCH2COOH 
r^>-J^9  CH2OCH2COGH 


.CH 


HO 


CHjOC^COOH 


NH 


2  ^i^J^ 

N=CH 


MPEG-g-CMCTS 


QCH- 


n 


Fig.  9  (continued) 


As  far  as  ultrasonication  is  concerned  for  the  preparation  and  processing  of  chitosan 
nanoparticles  for  drug  delivery  applications,  high-intensity  ultrasonication  is  not 
recommended  [156]. 


92    Chitosan-Based  Nanospheres 


Natural  polysaccharides  such  as  chitosan  and  alginate  are  promising  materials  for 
their  applications,  particularly  in  drug  delivery,  due  to  their  favorable  biocompati- 
bility,  biodegradability,  pH  sensitivity,  and  mucoadhesive  properties  [157,  158]. 
Covalently  crosslinked  polysaccharide-based  nanospheres  are  quite  stable  com- 
pared with  other  several  other  types  of  polysaccharide-based  nanospheres.  The 
conventional  methods  for  preparation  of  covalently  crosslinked  polysaccharide- 
based  nanospheres  include  emulsion  crosslinking,  solvent  evaporation,  spray 
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Fig.  9  (a)  Synthesis  of  mPEG-g-carboxymethylchitosan  [153].  (b)  Synthesis  of  PEG-g- 
carboxymethylchitosan  [153] 


drying,  and  thermal  crosslinking  [159].  These  methods  usually  involve  the  use  of 
organic  solvents,  surfactants,  and  an  elevated  preparation  temperature,  which  may 
lead  to  loss  or  reduction  in  bioactivity  of  some  drugs  and  cause  continuing  toxic 
effects  [160].  Therefore,  to  avoid  the  use  of  organic  solvents,  researchers  are  trying 
to  prepare  crosslinked  polysaccharide-based  nanospheres  with  narrow  size  distri- 
bution in  aqueous  media  at  room  temperature.  Wang  et  al.  [121]  reported  the 
preparation  of  chitosan-cyclodextrin  nanospheres  through  in  situ  formation  during 
Michael  addition  in  an  aqueous  solution  at  room  temperature.  Before  preparing 
these  nanospheres,  both  chitosan  and  cyclodextrin  had  been  chemically  modified. 
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Fig.  10  Synthetic  route  for  the  preparation  of  chitosan-cyclodextrin  nanospheres  [121] 

The  synthesis  part  pertaining  to  chemical  modification  of  chitosan  (i.e.,  NMC)  has 
been  described  in  Sect.  8.4.  On  the  other  hand,  thiol-functionalized  p-cyclodextrin 
has  been  used  to  crosslink  the  NMC.  Apart  from  the  biodegradability  and  biocom- 
patibility  of  p-cyclodextrin,  it  has  the  ability  to  form  inclusion  complexes  with  a 
variety  of  neutral  and  charged  molecules  in  aqueous  solutions.  Particularly  for  drug 
delivery  applications,  the  p-cyclodextrin  moieties  could  effectively  encapsulate 
drug  molecules  and  thus  improve  the  solubility  of  hydrophobic  drugs,  and  enhance 
the  stability  and  bioavailability  of  the  drugs  [161,  162].  A  synthetic  route  for  the 
preparation  of  chitosan-cyclodextrin  nanospheres  is  shown  in  Fig.  10.  As  measured 
by  particle  sizer,  under  neutral  and  basic  conditions,  the  nanospheres  have  a  negative 
surface  charge  with  a  zeta  potential  of  34.6  mV  due  to  deprotonated  carboxyl  groups, 
which  give  good  dispersibility  and  high  colloidal  stability  in  an  aqueous  solution. 
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Further,  the  negatively  charge  nanospheres  with  a  size  less  than  300  nm  could 
provide  attractive  forces  for  positively  charged  drugs.  Since  many  anticancer 
drugs  are  positively  charged  at  physiological  conditions,  the  nanospheres  prepared 
in  this  study  are  suitable  for  loading  of  these  drugs.  In  another  study,  Choochottiros 
et  al.  [120]  showed  that  the  surface  charge  of  amphiphilic  chitosan  nanospheres  was 
negative,  resulting  in  good  dispersion  at  neutral  to  high  pH,  but  significant  precipi- 
tation at  low  pH. 

Aiping  et  al.  [163]  demonstrated  the  synthesis  of  a  novel  biocompatible 
A/-succinyl  chitosan  (NSCS)  with  well-designed  structure.  NSCS  can  self-assembly 
in  regular  nanospheres  in  distilled  water.  The  NSCS  nanospheres  are  obtained 
spontaneously  under  very  mild  conditions  without  the  need  for  high  temperature, 
organic  solvent,  surfactant,  or  special  experimental  technology.  From  X-ray  dif- 
fraction analysis,  it  can  be  known  that  the  crystal  behavior  of  NSCS  is  weaker  than 
that  of  chitosan,  which  is  due  to  the  decrease  in  the  intermolecular  hydrogen 
bonding.  As  a  result,  NSCS  is  easy  to  disperse  in  distilled  water  to  obtain  a  stable 
and  transparent  colloidal  dispersion.  TEM  was  used  to  check  the  morphology  of  the 
colloid  of  NSCS  and  the  result  shows  that  NSCS  colloids  possess  regular  spherical 
morphology.  The  size  of  the  NSCS  nanospheres  was  in  the  range  of  50-100  nm. 
The  NSCS  nanospheres  have  great  potential  to  be  used  as  a  novel  drug  matrix  for 
controlled-release  drug  delivery. 

In  recent  years,  magnetic  DDSs  have  received  increasing  attention  from 
researchers  due  to  their  ability  to  deliver  drugs  to  the  targeted  site  with  the  help  of 
an  external  magnetic  field  [164-167].  Current  approaches  to  magnetic  DDSs  usually 
contain  three  main  steps.  First,  superparamagnetic  nanoparticles  are  manufactured 
and  second  the  magnetic  nanoparticles  are  dispersed  in  shell  monomer  or  polymer. 
Finally,  the  DDS  is  formed  after  polymerization  of  shell  monomer  or  crosslinking  of 
shell  polymer  via  chemical  bonds.  However,  surfactants  and  organic  solvents  are 
inevitably  used  during  the  synthesis,  which  brings  potential  toxicity  to  the 
synthesized  magnetic  DDSs.  Therefore,  Wang  et  al.  [168]  adopted  a  facile  method 
for  the  synthesis  of  chitosan-(acrylic  acid)  magnetite  nanospheres  (CS-AA-Fe304). 
In  this  method,  CS-AA-Fe304  is  formed  in  a  completely  aqueous  system  and  no 
surfactant  is  used.  Moreover,  the  CS-AA  polyelectrolyte  complex  was  formed  via 
electrostatic  interactions,  rather  than  chemical  bonds.  The  size  of  the  CS-AA-Fe304 
nanosphere  as  determined  by  laser  particle  size  analyzer  was  130  nm  before  swelling 
in  PBS  solution.  After  swelling,  the  hydrodynamic  size  of  CS-AA-Fe304  was 
increased  to  330  nm,  which  makes  it  potentially  interesting  as  a  DDS. 

Of  late,  significant  interest  has  been  paid  to  hollow  polymeric  nanostructures 
(HPNSs)  because  of  the  new  functionalities  and  unique  physiochemical  properties 
anticipated  from  polymeric  materials  at  the  nanoscale.  The  development  of  HPNSs 
is  reflected  by  the  rapid  increase  in  the  number  of  scientific  publications  and  patents 
on  this  subject  in  recent  years.  HPNSs  in  the  size  range  of  1-1,000  nm  with 
spherical  or  cylindrical  geometries  are  of  special  interest.  Spherical  HPNSs  gener- 
ally include  hollow  polymeric  nanospheres  (HPNSPs),  vesicles,  or  nanopoly- 
mersomes.  Cylindrical  HPNSs  are  basically  polymeric  nanotubes  (PNTs).  In  view 
of  possible  biomedical  applications,  HPNSPs  are  potentially  useful  as  encapsulates 
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Surfactants 


Fig.  11  Preparation  of  hollow  polymeric  nanospheres  via  water-oil-water  emulsion  polymerization 
[175] 

for  drugs,  enzymes,  protein,  genes,  and  catalysts  [169-174].  HPNSPs  have  a  large 
surface-to-volume  ratio,  low  effective  density,  and  many  other  advantageous 
properties  in  comparison  to  cylindrical  HPNSs,  which  makes  them  suitable  for 
applications  in  encapsulation,  catalysis,  controlled  drug  delivery,  and  imaging. 
HPNSPs  from  various  polymeric  materials  have  been  developed.  Here,  some 
hollow  chitosan-based  nanospheres  will  be  described.  HPNSPs  have  been  prepared 
by  suspension  polymerization  and  emulsion  polymerization,  and  from  core-shell 
nanoparticles,  self-assembly,  template-directed  synthesis,  and  electrospinning. 
Among  them,  water-oil-water  (W/O/W)  emulsion  polymerization  is  a  convenient 
and  economical  means  for  the  preparation  of  hollow  polymeric  micro-  or 
nanospheres  [175].  However,  this  process  is  less  suitable  for  preparing  monodis- 
perse  particles  with  particle  size  of  less  than  100  nm.  A  schematic  representation  of 
the  preparation  of  HPNSPs  via  W/O/W  emulsion  polymerization  is  depicted  in 
Fig.  11.  The  pH-sensitive  chitosan/poly(acrylic  acid)  (PAAC)  hollow  nanospheres 
with  diameters  ranging  from  70  to  500  nm  were  prepared  by  emulsion 
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polymerization  of  acrylic  acid  (AAC)  in  the  presence  of  chitosan  [176].  The  AAC 
molecules  are  bound  electrostatically  to  chitosan  to  form  the  shell  of  the  micelles. 
Upon  polymerization,  PA  AC  interacts  with  chitosan  at  the  interface  of  the  micelles. 
The  shrinkage  of  spheres  brought  about  by  electrostatic  attraction  between  chitosan 
and  PAAC,  as  well  as  the  expansion  of  the  spheres  due  to  electrostatic  repulsion 
among  the  chitosan  molecules,  causes  phase  separation  between  the  polymer  and 
the  solvent  resulting  in  the  formation  of  HPNSPs. 

The  template  method  is  also  frequently  used  for  the  fabrication  of  hollow  spheres. 
The  appropriate  selection  of  template  materials  plays  a  crucial  role  in  controlling  the 
core  size  of  the  hollow  spheres.  Further,  hollow  structures  can  be  easily  obtained 
after  removing  the  template  by  dissolution,  evaporation,  or  thermolysis.  This  method 
requires  large  amount  of  surfactants,  which  can  modify  the  surface  of  the  template  to 
make  the  template  active  to  interact  with  shell  substance.  Wang  et  al.  [177]  reported 
the  production  of  chitosan  hollow  nanospheres  (HNPs)  by  employing  uniform  poly 
(D,L-lactide)-poly (ethylene  glycol)  (PEL A)  nanoparticles  as  templates.  Chitosan 
was  adsorbed  onto  the  surface  of  PELA  nanoparticle  templates  through  the  electro- 
static interaction  between  the  sulfuric  acid  groups  from  SDS  on  the  templates 
and  the  amino  groups  of  the  chitosan.  Subsequently,  the  core-coated  structure  of 
chitosan-PELA  nanospheres  was  obtained,  with  the  adsorbed  chitosan  layer  being 
further  crosslinked  with  glutaraldehyde.  After  the  removal  of  the  PELA  cores  with 
acetone,  chitosan  HNPs  were  achieved.  The  mean  size  of  initial  PELA  nanospheres 
was  180  ±  2  nm  whereas  that  of  chitosan-PELA  nanospheres  was  280  ±12  nm 
and  the  zeta  potential  changed  from  —31.5  to  41.3  mV.  The  change  in  zeta  potential 
and  size  were  noteworthy,  which  indicated  that  chitosan  was  absorbed  on  the  surface 
of  PELA  nanospheres.  Thus,  it  is  possible  to  form  hollow  chitosan  nanospheres  by 
removing  the  PELA  core. 

In  order  to  avoid  the  post-treatment  processes,  including  organic  solvent  dissolu- 
tion or  calcination  at  elevated  temperature,  for  the  production  of  hollow  spheres, 
Deng  et  al.  [178]  reported  a  simple  method  for  fabrication  of  monodispersed  silica 
hollow  nanospheres  in  a  one-step,  one -medium  process.  The  nanospheres  were  then 
decorated  with  chitosan  using  a  crosslinking  reaction  with  (3-glycidyloxypropyl) 
trimethoxysilane  (GTPMS)  to  produce  pH-sensitive  chitosan-silica  hollow 
nanospheres  (CS-Si02  HNPs).  GPTMS  was  first  used  to  modify  the  Si02  HNPs  in 
an  acidic  ethanol  medium  in  which  GPMTS  reacts  with  the  silanol  groups  on  the 
Si02  surface  via  the  formation  of  Si-O-Si  bonds.  The  chitosan  solution  was  then 
added  to  accomplish  crosslinking  on  the  surface  of  the  Si02  HNPs  [179,  180].  The 
hydrodynamic  diameters  (Dh)  of  Si02  and  CS-Si02  HNPs  determined  from 
the  dynamic  light  scattering  measurement  were  242.8  and  263.7  nm  respectively. 
The  zeta  potential  measurement  showed  that  the  Si02  HNPs  had  a  negative  potential 
of  about  —35  mV,  whereas  the  zeta  potential  of  the  CS-Si02  HNPs  increased  to 
+24.7  mV  due  to  the  cationic  polysaccharide-chitosan  decoration.  These  results 
demonstrate  that  chitosan  had  been  successfully  introduced  to  the  Si02  HNPs. 
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9.3    Chitosan-Based  Nanogels 

Polysaccharide-based  nanogels  are  more  advantageous  than  bulk  polysaccharide- 
based  hydrogels  as  a  consequence  of  their  high  water  content,  functionality, 
biocompatibility,  tunable  size  from  submicrons  to  tens  of  nanometers,  large  surface 
area  for  multivalent  bioconjugation,  and  interior  network  for  the  incorporation  of 
therapeutics.  Nanogels  can  be  defined  as  internally  crosslinked  macromolecular 
systems  wherein  the  size  of  hydrogel  nanoparticles  ranges  between  10  and  200  nm 
[181].  Some  reviews  have  mainly  focused  on  the  structure  and  function  of  other 
polysaccharides  and  give  little  emphasis  to  chitosan  and  their  engineered  nanoscale 
assembly  for  biomedical  materials  [132,  182,  183].  In  this  section,  only  chitosan- 
based  nanogels  will  be  discussed. 

Current  approaches  for  the  preparation  of  crosslinked  micro-  or  nanogels  can  be 
largely  categorized  into  physical  crosslinking,  chemical  crosslinking,  and  heteroge- 
neous controlled/living  radical  crosslinking  polymerization  (CRCP)  [182].  Several 
methods  such  as  heterogeneous  polymerization,  continuous  extrusion  for  starch- 
based  biolatex  nanoparticles,  precipitation  in  water,  micromolding  and  microfluidic 
preparation,  spray  drying,  and  supramolecular  self-assembly  and  self  complexation 
have  been  developed  for  the  successful  preparation  of  micro-  and  nanogels.  One 
general  method  involves  aqueous  homogeneous  gelation  based  on  chemical  and 
physical  crosslinking  in  water;  the  gelation  is  generally  conducted  in  dilute  solution 
in  order  to  prevent  macroscopic  gelation  that  leads  to  bulk  hydrogels.  As  far  as 
physical  crosslinking  is  concerned,  it  has  primarily  two  advantages,  i.e.,  reversibility 
and  no  requirement  for  other  chemicals  for  the  connectivity  of  chains.  In  many 
experiments,  the  electrostatic  interactions  of  polysaccharide-based  polymers  with 
various  polyelectrolytes  in  water  have  been  explored.  These  polyelectrolytes  include 
polyethyleneimine  (PEI),  sodium  tripolyphosphate  (TPP),  poly  (ethylene  oxide) 
(PEO)-Z?-poly(A^y/V,-dimethylaminoethyl  methacrylate)  block  copolymer,  and 
biopolymer-based  polyelectrolytes  to  yield  chitosan-based  nanogels  [184-189].  To 
prevent  dissolution  of  the  nanogel  in  the  aqueous  environment,  chemical  crosslinks 
involving  the  formation  of  covalent  bonds  are  preferred  over  physical  crosslinking. 
Chitosan-based  nanogels  were  prepared  by  a  covalent  chemical  crosslinking,  based 
on  a  carbodiimide  coupling  of  chitosan  with  an  oligo (ethylene  glycol)  dicarboxylic 
acid  as  a  water-soluble  crosslinker,  in  water.  The  resulting  nanogels  had  a  diameter 
of  4-24  nm,  as  shown  by  TEM  [190].  Chitosan  nanogels  with  a  diameter  of 
70-80  nm  were  also  prepared  by  the  reaction  of  chitosan  with  ethylenediaminete- 
traacetic  dianhydride  (EDTAA)  in  water.  The  stable  pH-responsive  nanogels 
enabled  a  reversible  switch  of  their  surface  charge  upon  pH  change  so  that  it  was 
positive  at  pH  <4.8  and  negative  at  pH  >5.2.  These  characteristics  suggest  that  the 
nanogels  can  be  effective  candidates  for  the  encapsulation  of  pH-sensitive  antican- 
cer agents  such  as  highly  water-insoluble  camptothecin  [191]. 

In  a  recent  study,  Maggi  et  al.  [192]  reported  the  use  of  polyion  complex  micelles 
(PIC)  as  nanoreactors  for  template  crosslinking  for  the  preparation  of  chitosan 
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nanogels.  In  brief,  PIC  were  formed  by  interacting  chitosan  with  a  block  copolymer 
poly(ethylene  oxide) -Z?/6>c/:-poly [sodium  2-(acrylamido)-2-methyl  propane  sulfo- 
nate] (PEO-Z?-PAMPS)  synthesized  by  single-electron  transfer  living  radical  poly- 
merization (SET-LRP).  Numerous  studies  have  shown  that  the  size  and  shape  of 
the  formed  PIC  nanoparticles  significantly  depend  on  the  polymerization  degree  of 
PEO  block,  medium  conditions,  and  molar  ratio  between  the  poly  electrolyte  blocks. 
By  controlling  these  parameters,  small  and  highly  uniform  in  size  PIC  can  be 
obtained  with  a  diameter  of  20-50  nm  and  a  coacervate  core  of  5-15  nm 
[193-195].  In  this  study,  PIC  with  a  small  size  of  about  50  nm  and  low  polydisper- 
sity  were  obtained  up  to  5  mg/mL.  After  crosslinking  of  chitosan  with  genipin,  the 
nanoreactors  were  dissociated  by  increasing  the  ionic  strength  by  adding  NaCl  in 
order  to  obtain  the  free  nanogels.  The  size  of  the  smallest  nanogels  was  about  50  nm 
in  the  swollen  state  and  20  nm  in  the  dry  state.  The  amount  of  genipin  used  during 
reticulation  was  an  important  parameter  in  modulating  the  size  of  the  nanogels  in 
solution. 

Shen  et  al.  [196]  reported  the  synthesis  of  chitosan-based  luminescent/magnetic 
(CLM)  nanomaterials  by  direct  gelation  of  chitosan,  CdTe,  and  supermagnetic  iron 
oxide  into  hybrid  nanogels  for  insulin  delivery,  cell  imaging,  and  research  into 
antidiabetic  dietary  supplements.  The  influence  of  various  process  parameters  was 
studied  to  see  their  effect  on  the  size  of  the  hybrid  nanogels.  It  was  found  that  with 
an  increase  in  reaction  temperature,  the  size  of  the  resulting  hybrid  nanogels 
decreased  because  of  the  increasing  mobility,  weakened  entangling  degree,  and 
decreasing  friction  force  between  the  chitosan  molecules.  However,  the  rigidity  of 
the  product  synthesized  at  high  temperature  was  not  enough  to  maintain  a  stable 
shape  due  to  the  weak  entangling  degree.  In  addition,  the  photoluminescence 
intensity  of  the  resulting  hybrid  nanogels  decreased  due  to  changes  in  the  surface 
trap  sites  of  CdTe  quantum  dots  at  high  temperature  [197]. 

Oridonin  (ORI),  extracted  from  the  plant  Rabdosia  rubescens,  is  a  potent  antican- 
cer agent  in  Chinese  traditional  medicine.  Experimentally  and  clinically,  ORI  has 
proven  that  it  is  effective  against  a  variety  of  tumors  and  cancer  cell  types,  namely 
liver,  prostate,  breast,  and  cervical  cancer  cells;  non-small  lung  cancer  cells;  acute 
promyelocytic  leukemia,  and  glioblastoma  multiforme  [198-200].  However,  its 
clinical  applications  against  cancers  have  been  impeded  by  its  low  therapeutic 
index  induced  by  the  poor  solubility  and  nonspecific  systematic  distribution.  There- 
fore, it  is  of  great  necessity  to  develop  an  alternative  carrier  of  ORI.  Duan  et  al.  [201], 
reported  the  development  and  characterization  of  pH-responsive  and  biocompatible 
ORI-loaded  chitosan-g-PNIPAAm-based  nanogels  for  a  tumor  extracellular  targeting 
DDS  using  a  self-assembly  method.  In  brief,  copolymers  (500  mg)  and  ORI  (50  mg) 
were  dispersed  in  50  mL  distilled  water  and  the  dispersion  was  sonicated  using  a 
probe-type  sonifier  at  100  W  in  an  ice  bath  for  2  min.  The  resultant  ORI-loaded 
nanogels  were  collected  by  centrifugation  and  lyophilized  for  storage  and  use.  The 
drug-encapsulation  efficiency  and  drug-loading  efficiency  were  86.3%  and  5.34%, 
respectively.  From  the  particle  size  analysis,  it  was  found  that  the  average 
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hydrodynamic  diameter  (Rd)  of  the  ORI-loaded  nanogels  was  99.6  nm,  whereas  the 
Rd  of  the  blank  nanogels  was  81.2  nm,  indicating  that  ORI  molecules  were  success- 
fully encapsulated  and  that  these  entrapped  ORI  increased  the  size  of  the  ORI-loaded 
nanogels.  In  vitro  drug  release  studies  indicated  that  ORI-loaded  nanogels  exhibited  a 
pH-triggered  fast  drug  release  under  slightly  acidic  conditions.  Moreover,  the  MTT 
assay  and  cellular  morphological  analysis  demonstrated  that  the  ORI-loaded  nanogels 
could  enhance  the  antitumor  activity  in  an  acidic  environment.  No  significant  cyto- 
toxicity, however,  was  observed  with  the  blank  carriers  themselves.  Therefore,  this 
nanogel-based  delivery  system  might  be  exploitable  in  tumoral  acidic  extracellular 
pH  targeting  for  hydrophobic  anticancer  drugs. 

To  deliver  anticancer  drugs  at  the  targeted  sites,  the  development  of  both  biode- 
gradable and  biocompatible  thermoresponsive  carriers  has  received  significant  atten- 
tion. Although,  various  polymers  like  gelatine  [202],  poly(vinyl  alcohol)  [203], 
PNIPAAm,  poly(AMsopropylmethacrylamide)  [204,  205],  hydroxypropyl  cellulose 
[206],  etc.  have  been  explored  for  use  as  temperature-triggered  DDSs.  Among  them, 
PNIPAAm  seems  to  be  a  promising  thermo sensitive  DDS  because  its  transition 
temperature  (approximately  32-34° C)  can  be  modulated  near  human  body  tempera- 
ture [206-208].  However,  one  of  the  key  challenges  with  the  use  of  thermore- 
sponsive PNIPAAm-based  hydrogels  is  to  modulate  its  LCST  to  around  body 
temperature  and  preferably  up  to  42^4-3°  C,  a  temperature  used  for  hyperthermia 
treatment  of  cancer  [209].  But,  there  is  a  issue  with  PNIPAAm  in  that  it  is  not 
biodegradable.  Therefore,  PNIPAAm  gel  particle  surfaces  need  to  be  modified  or 
conjugated  with  some  other  biodegradable  polymers  in  order  to  develop  biodegrad- 
able DDSs  [210].  In  an  attempt,  Jaiswal  et  al.  [211]  demonstrated  the  synthesis  and 
characterization  of  temperature-optimized  and  magnetically  modalized  PNIPAAm- 
chitosan-based  nanohydrogels  for  possible  application  in  hyperthermia  for  cancer 
treatment.  The  particle  size  analysis  data  showed  that  the  room  temperature  hydro- 
dynamic  diameters  for  all  the  hydrogel  particles  synthesized  in  different  weight 
proportions  of  NIPAAm  and  chitosan  were  in  the  size  range  of  100-300  nm. 
The  SEM  and  AFM  micrographs  of  nanohydrogels  and  magnetic  nanohydrogels 
showed  that  there  was  a  reasonable  decrease  in  hydrogel  size  with  an  increase  in  the 
chitosan  to  NIPAAm  ratio,  which  was  consistent  with  the  hydrodynamic  diameter 
measurements  obtained  by  DLS.  This  decrement  might  be  attributed  either  to 
the  crosslinking  of  chitosan  to  PNIPAAm  or  due  to  its  role  as  a  surfactant,  or  both 
[212, 213].  The  observed  change  in  LCST  was  attributed  to  hydrophilic  modifications 
of  PNIPAAm  by  water-soluble  A^-methylene-bis-acrylamide  (MBAAm)  [213] 
and  it  was  conceived  that  the  associated  shift  in  LCST  was  due  to  a  decrease  in 
mobility  of  water  molecules  trapped  in  crosslinked  chain  pores,  defined  as  bound 
water  molecules  [214,  215].  Upon  reduction  in  hydrogel  size,  pores  of  the  mesh 
diminish  in  size  and,  in  turn,  bound  water  volume  decreases.  But,  they  are  held  there 
for  a  longer  time  with  respect  to  temperature  and  that  requires  a  higher  amount  of  heat 
energy  to  expel  them.  Consequently,  the  LCST  shifted  in  an  upward  direction.  So,  it 
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is  suggested  that  chitosan  also  plays  the  role  of  crosslinker  as  well  as  serving  as  a 
surfactant.  Further,  an  increase  in  LCST  due  to  the  presence  of  iron  oxide  MNPs  is  a 
very  important  result  and  it  can  be  said  that  dipole-dipole  interactions  might  prevent 
the  collapse  of  crosslinked  polymer  segments. 

The  inclination  of  the  researchers  during  the  last  two  decades  towards  the  devel- 
opment and  implementation  of  new  environmentally  responsive  smart  materials, 
biomimetics,  biosensors,  artificial  muscles,  DDSs,  and  chemical  separations  to 
name  a  few  has  given  tremendous  importance  to  nanogels  instead  of  bulk  hydrogels 
[216].  Hydrogel  transitions,  i.e.,  volume  changes  that  occur  in  response  to  changing 
environmental  conditions  such  as  temperature,  pH,  ionic  strength,  solvent  composi- 
tion, electric  stimuli,  and  y-radiation  have  been  studied.  Therefore,  the  nanogels  can 
be  designed  to  undergo  large  changes  in  their  chemical,  mechanical,  optical,  and 
electrical  make-up  in  response  to  a  chemical  stimulus,  biomolecular  interaction,  or 
electromagnetic  field.  Natural  biopolymers  have  been  widely  used  to  prepare  respon- 
sive hydrogels  for  biomedical  application  due  to  their  biocompatibility,  low  toxicity, 
and  a  high  content  of  functional  groups  [217-222].  Although  significant  benefits  have 
been  achieved,  few  studies  have  yet  been  conducted  on  preparation  of  natural 
biopolymer-based  bionanomaterials  for  simultaneous  sensing,  imaging  diagnosis, 
and  therapy.  One  study  describes  a  multifunctional  system  on  the  basis  of  immobili- 
zation of  quantum  dots  (QDs)  into  the  hydroxypropyl  cellulose-polyacrylic  acid 
(HPC-PAA)  semi-interpenetrating  (semi-IPN)  nanogel  for  simultaneous  optical 
pH-sensing,  tumor  cell  imaging,  and  pH-regulated  delivery  of  anticancer  drugs 
[223].  Despite  the  exciting  conception,  several  key  issues  remain  unaddressed  in 
this  system.  To  address  the  key  issues,  Wu  et  al.  [224]  further  reported  the  develop- 
ment of  a  new  class  of  chitosan-based  responsive  hybrid  nanogels  (Rh  <  100  nm) 
with  CdSe  QDs  (3.2-3.8  nm)  in- situ  immobilized  in  chitosan-poly(methacrylic  acid) 
(chitosan-PMMA)  semi-IPN  networks  for  integration  of  optical  pH-sensing,  tumor 
cell  imaging,  and  controlled  drug  delivery.  The  mean  diameter  of  chitosan-PMAA 
nanogels  varies  from  174.5  to  74.7  nm  when  the  MAA: chitosan  ratio  changes  from 
2.10  to  0.53.  These  hybrid  nanogels  exhibited  marked  swelling  at  both  high  and  low 
pH  values,  but  a  minimum  size  at  pH  5.0-5.5.  The  swelling  of  the  hybrid  nanogels 
containing  pH-responsive  groups  is  governed  by  the  internal  osmotic  pressure  due  to 
the  mobile  counter-ions  contained  within  the  particles,  which  balance  the  internal 
electrostatic  repulsion.  At  high  pH  values  (e.g.,  >8.0),  the  nanogels  remained  nearly 
at  a  maximum  swelling  degree  due  to  the  high  degree  of  ionization  of  the  -COO~ 
groups  of  the  PMMA  chains.  With  a  decrease  in  pH,  the  -COO~  groups  gradually 
protonate  to  -COOH,  which  not  only  enhance  the  hydrogen  bonding  interactions 
between  the  chitosan  and  PMMA  chains,  but  also  reduce  the  Coulombic  repulsion 
within  the  particles,  resulting  in  a  gradual  decrease  in  the  size  of  hybrid  nanogels.  It  is 
worth  mentioning  that  the  fluorescence  of  the  hybrid  nanogels  does  not  completely 
quench,  even  at  extreme  pH  environments;  thus,  the  hybrid  nanogels  can  be  used  for 
cell  labeling  under  physiologically  important  pH  conditions. 
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10    Biomedical  Applications  of  Chitosan 

The  vast  commercial  potential  for  applications  using  chitin  and  chitosan 
biopolymers  has  only  recently  been  understood  by  the  scientific  community. 
Commercial  uses  for  chitin  and  chitosan  for  biomedical  applications  include 
pharmaceuticals  and  other  aspects  of  health  care  such  as  wound  care  products, 
medical  implants,  etc.  Applications  that  take  advantage  of  the  biocompatibility  and 
bioactivity  of  chitin  and  chitosan  represent  the  numerous  useful  applications  of 
these  biopolymers.  For  instance,  chitosan  prevents  the  formation  of  scar  tissue  by 
inhibiting  the  formation  of  fibrin  strands  in  wounds.  As  a  consequence  of  this 
property,  chitosan,  along  with  chitin,  can  be  used  to  form  sutures,  dressings,  and 
other  healing  agents  with  properties  not  found  in  competing  products.  In  addition, 
because  lysozyme  present  in  wounds  breaks  down  chitin,  the  need  to  remove 
sutures  and  wound  dressings  made  of  chitin  after  application  is  avoided.  Further, 
the  advent  of  nanotechnology  widens  the  scope  for  using  chitin  and  chitosan  as 
wound  dressing  materials. 

Recently,  biopolymer-based  nanomaterials  in  the  form  of  microgels,  nanogels, 
and  nanoparticles  have  received  a  great  deal  of  interest  in  tissue  engineering 
and  drug  delivery  applications  [225-227] .  The  ability  of  nanoparticles  to  manipulate 
the  molecules  and  their  structures  has  revolutionized  the  conventional  DDS. 
Chitosan  is  an  excellent  biopolymer  for  preparation  of  micro-  and  nanoparticles 
[228].  Chitosan  nanoparticles,  because  of  their  biodegradability,  biocompatibility, 
better  stability,  low  toxicity,  and  simple  and  mild  preparation  methods,  offer  a 
valuable  tool  for  developing  novel  DDSs.  Li  et  al.  [229]  reported  an  innovative 
smart  DDS  based  on  magnetic  and  fluorescent  multifunctional  chitosan 
nanoparticles,  which  combined  magnetic  targeting,  fluorescent  imaging,  and 
stimulus-responsive  drug  release  properties  into  one  DDS.  Water-soluble  superpar- 
amagnetic Fe304  nanoparticles,  CdTe  QDs  and  pharmaceutical  drugs  were  simulta- 
neously incorporated  into  chitosan  nanoparticles  by  crosslinking  the  composite 
particles  with  glutaraldehyde.  The  system  showed  superparamagnetic  and  strong 
fluorescent  properties,  and  was  used  as  a  controlled  drug  release  vehicle,  which 
showed  pH-sensitive  drug  release  for  a  prolonged  period  of  time.  In  another  study, 
Wilson  et  al.  [230]  demonstrated  tacrine-loaded  chitosan  nanoparticles  prepared  by 
spontaneous  emulsification.  The  prepared  particles  showed  good  drug-loading 
capacity.  The  in  vitro  release  studies  showed  an  initial  burst  release  followed  by  a 
continuous  and  slow  release  of  the  drug.  Coating  of  nanoparticles  with  Polysorbate 
80  slightly  reduced  the  drug  release  from  the  nanoparticles.  The  chitosan 
nanoparticles  have  also  been  reported  to  have  major  applications  in  parentral  drug 
delivery,  per-oral  administration  of  drugs,  nonviral  gene  delivery,  vaccine  delivery, 
ocular  drug  delivery,  electrodeposition,  brain-targeting  drug  delivery,  stability 
improvement,  mucosal  drug  delivery,  controlled  drug  delivery  of  drugs,  tissue 
engineering  and  for  the  effective  delivery  of  insulin  [231].  Recently,  chitosan- 
based  nanoparticles  for  oral  controlled  delivery  of  insulin  and  other  therapeutic 
agents  have  been  reviewed  elsewhere  [232].  A  snapshot  of  chitosan-based 
nanomaterials  and  their  biomedical  applications  is  shown  in  Table  9. 
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Table  9  Chitosan-based  nanomaterials  and  their  biomedical  applications 


Chitosan-based 
nanomaterial 


Method  of  preparation 


Application 


Reference 


Chitosan-g-PEG 
nanoparticles 

Heparinized  chitosan/ 
poly(y-glutamic 
acid)  nanoparticles 

Chito  san-dextran 

sulfate  nanoparticles 


Chito  san-cyclodextrin 

nanoparticles 
Chito  san-heparin 

polyelectrolyte 

complex 

nanoparticles 
Chitosan-DNA 

nanoparticles 
Monodisperse  chitosan 

nanoparticles 
Folate-conjugated 

pluronic  F127/ 

chitosan  core-shell 

nanoparticles 
Af-Succinyl  chitosan 

nanospheres 
Magnetic  chitosan 

nanospheres 
PEI-PEG-chitosan 

copolymer-coated 

iron-oxide 

nanoparticles 
Folic  acid-modified 

carboxy  methyl 

chitosan 

nanoparticles 
Chitosan/chondroitin 

sulfate/nano-Si02 

composite  scaffold 

Chitosan-coated  ZnS 
and  Zns:Mn2+ 
quantum  dots 


Ionic  gelation  and  self-assembly    Protein  delivery 


Self-assembly 


Self-assembly 


Self-assembly 


Self-assembly 

Co-precipitation  followed  by 

ionic  gelation 
Chemical  co-precipitation 


Sonication 


Lyophilization 


Radiation  technology 


Multifunctional 

delivery  of 

fibroblast  growth 

factor  and  heparin 
Insulin  delivery  to 

protect  protein  in  an 

oral  delivery 

application 
To  facilitate  nasal  drug 

delivery 
Protein  delivery 


[113] 


[233] 


[234] 


[235] 


[236] 


Liver-targeted  gene 

delivery 
Mucosal  delivery 


[237] 


[238] 


Breast  cancer  treatment  [135] 


Sustained  drug  delivery  [163] 
system 

Bioseparation  [239] 


Gene  delivery 


[240] 


Drug  carrier  for  tumor-  [241] 
specific  drug 
delivery 

Bone  tissue  engineering  [242] 


Low  cytotoxicity  and 
high 

biocompatibility 
mean  that  they 
could  be  useful  for 
further  biomedical 
application 


[243] 


(continued) 
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Table  9  (continued) 


Chitosan-based 
nanomaterial 

Method  of  preparation 

Application 

Reference 

Chitosan-coated 

Chemical  co-Drecioitation 

These  new  masneto- 

T2441 

magnetic 

fluorescent 

nanoparticles  for 

nanoagents  have  the 

high-efficient 

potentiality  for 

A  J 

cellular  imaging 

future  medical  use 

Both  folic  acid-  and 

Ionic  gelation  and  chemical 

For  targeted  and 

[245] 

mPEG-conjugated 

cros  slinking 

prolonged 

chitosan 

anticancer  drug 

nanoparticles 

delivery  systems 

Carboxymethylchitosan 

Ionic  gelation 

To  inhibit  the 

[246] 

nanoparticles 

proliferation  of 

keloid  fibroblasts 

Galactosylated  low 

Ionotropic  gelation 

To  selectively  deliver 

[247] 

molecular  weight 

doxorubicin  to 

chitosan 

hepatic 

nanoparticles 

parenchymal  cells 

Water-soluble  chitosan 

Ionic  gelation 

Protein  delivery 

[248] 

nanoparticles 

Hydralazine-loaded 

Ionic  gelation 

To  provide 

A 

[249] 

chitosan 

neuroprotection 

nanoparticles 

A/-Hexanovl  chitosan- 

For  cellular  labeling 

[2501 

stabilized  magnetic 

and  magnetic 

n  an  od  articles 

resonance  ima£?inj? 

T  pftin  rTrl-lnaHpH 

AAifTOPtnnl  Qinn 

pYfpllpnt  fanHiHatp^  for 

chitosan  hydrogel 

controlled  delivery 

n  an  on  arti  cl  e  s 

of  bioactive 

compounds  to 

molecular  targets 

and  as  biosnecific 

diagnostic  tools  in 

VilU-CLllVUHV     1-V/V1U  AAA 

MRI 

-T1U1111  gCl  lUaLlCLl  Willi 

lUllULIUpiC  gClallUll 

vintcirtlf^  tot*  tnnif^l 
OUlLaUlC  1UI  LUpiCal 

[ZJZJ 

L/lllLUaall 

QnnliPQtinnc  of  tna 
appilCaLlUlla  al  L11C 

Qitp  nf  \x/onnriQ  Qiifn 

destructions  burns 

fissnrps  nlrprs 

hli^tPTQ  hnrp 

breaks  etc  in 

1— 'A  VtllvJ  <s           I- •  ^  AAA 

which  the  release  of 

V*  111V11      tllv      1          A         LI*'             V  /  A 

srowth  factors  are 

of  crucial 

importance  in  the 

promotion  and 

speed  of  the  healing 

process.  Potential 

application  in  tissue 

engineering 

(continued) 
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Chitosan-based 

nanomaterial 

Method  of  preparation 

Application 

Reference 

Chitosan/PLGA 

Emulsion-diffusion-evaporation 

Cell  delivery  vehicle 

[253] 

nanoparticles 

technique 

Chitosan  nanogel- 

Ionic  gelation 

Chitosan-based 

[254] 

associated 

nanogels  represent 

recombinant  NcPDI 

an  innovative 
Dlatform  for  both 
intranasal  (i.n.)  and 
intraperitoneal  (i.p.) 
vaccination 
approaches  to  limit 
the  disease  caused 
by  Neospora 
caninum  infection 

11  Conclusions 


Despite  the  abundant  availability  of  chitosan  in  nature,  it  has  not  yet  been  completely 
accepted  by  the  scientific  community.  This  may  be  due  to  the  wide  range  of  sources 
of  chitosan  that  gives  rise  to  various  types  of  chitosan  with  different  properties  and, 
hence,  to  specific  applications.  In  other  words,  one  particular  chitosan  (depending  on 
its  source)  used  for  a  particular  application  may  not  be  suitable  for  other  applications 
and  vice  versa.  Therefore,  it  should  be  mandatory  to  mention  the  source  of  chitin  and 
chitosan  when  using  chitosan  for  a  particular  purpose  so  as  to  avoid  confusion. 
In  view  of  this,  various  sources  of  chitin  and  chitosan  and  their  extraction  processes 
are  discussed  here.  Chitosan  not  only  possesses  versatile  properties  but  also  offers  a 
wealth  of  biological,  biochemical,  and  biomechanical  functionality  that  can  be  used 
to  develop  new  biomaterials.  In  order  to  realize  its  full  functional  potentiality, 
various  ways  of  engineering  chitosan-based  nanostructures  are  being  explored 
along  with  their  possible  nanotechnological  applications.  Therefore,  it  is  hoped 
that  this  review  will  help  the  reader  to  accumulate  information  for  further  research 
in  new  directions  with  the  help  of  nanotechnology  for  the  betterment  of  mankind. 
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Hydroxyapatite-Packed  Chitosan-PMMA 
Nanocomposite:  A  Promising  Material  for 
Construction  of  Synthetic  Bone 

Arundhati  Bhowmick,  Subhash  Banerjee,  Ratnesh  Kumar, 
and  Patit  Paban  Kundu 


Abstract  Natural  bone  is  a  composite  material  composed  of  organic  compounds 
(mainly  collagen)  and  inorganic  compounds  (minerals).  The  inorganic  or  mineral 
component  of  bone  primarily  consists  of  crystalline  hydroxy  apatite  (HAp), 
[Caio(P04)6(OH)2],  which  is  present  in  bones  as  a  major  component  (60-65%). 
In  recent  years,  bioactive  polymer/HAp  nanocomposite  materials  have  been 
investigated  extensively  as  templates  for  the  regeneration  and  reconstruction  of 
bone  tissue.  The  advantages  of  using  polymeric  biomaterials  include  ease  of 
manufacturing  the  components  with  various  simple  as  well  as  complex  shapes, 
reasonable  cost,  and  their  ability  to  possess  a  wide  range  of  physical  and  mechanical 
properties.  Among  other  biomaterials,  chitosan,  a  natural  polysaccharide  composed 
of  glucosamine  and  Af-acetylglucosamine  units  linked  in  p-(l-4)  manner  and 
derived  from  chitin  by  partial  or  complete  deacetylation,  has  played  a  major  role 
in  bone  tissue  engineering  over  the  last  two  decades.  However,  the  poor  mechanical 
strength  of  chitosan  has  restricted  its  practical  application  in  bone  tissue  engineer- 
ing. Thus,  enhancement  of  the  mechanical  properties  of  chitosan  is  highly  desirable. 
Blending  of  chitosan  with  a  synthetic  polymer  having  good  mechanical  properties 
(e.g.  poly  methylmethacrylate)  could  be  helpful  in  increasing  the  mechanical 
properties  of  chitosan.  Moreover,  the  biodegradability  and  biocompatibility  of 
chitosan  makes  HAp-packed  chitosan  nanocomposite  materials  attractive  for  the 
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building  of  synthetic  bone.  This  chapter  describes  natural  bone  structure,  polymer 
blends,  and  recent  advances  in  polymer/(nano)HAp  nanocomposites  for  application 
as  synthetic  bone 

Keywords  Chitosan  •  Nanocomposite  •  Nanohydroxyapatite  •  Synthetic  bone  • 
Synthetic  polymer 
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Abbreviations 


PBMA 
PC 
PCM 
PE 

PEEK 

PET 

PHEMA 

PMMA 

POM 


|im 

BMA 

BMU 


CTS 

DP 

HAp 

MW 

NP 

PA 


Micro  meter 
Bone  marrow  aspirate 
Bone  modeling  unit 
Chitosan 

Degree  of  polymerization 
Hydroxyapatite 
Molecular  weight 
Nanoparticle 
Polyamide 

Poly(?z-butyl  methacrylate) 

Polycarbonate 

Phase  change  material 

Polyethylene 

Poly(ether  ether  ketone) 

Poly(ethylene  terephtalate) 

Poly(hydroxyethyl  methacrylate) 

Poly(methyl  methacrylate) 

Polyoxymethylene 
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PP  Polypropylene 

PSU  Polysulfone 

PTFE  Polytetrafluoroethylene 

PUs  Selected  polyurethanes 

PVC  Poly(vinyl  chloride) 

UHMWPE  Ultrahigh  molecular  weight  polyethylene 


1  Introduction 


Bone  is  one  of  the  most  commonly  replaced  tissues,  and  bone  grafts  can  efficiently 
repair  fractures  in  bones  of  the  human  body.  Small  defects  are  usually  repaired  by  the 
growth  of  natural  bone  that  is  even  stronger  than  the  original  bone.  The  bone  is 
naturally  regenerated  within  a  few  weeks.  However,  problems  arise  with  major 
fractures,  i.e.,  large  defects  that  are  not  repaired  by  the  body.  Spinal  fusion  (arthrod- 
esis), fracture  non-unions,  skeletal  deformities  caused  by  infection,  trauma,  or  tumor 
resection  are  examples  of  such  cases  where  bone  healing  needs  to  be  improved  [1]. 
Bone  grafts  are  generally  used  in  such  cases.  Basically,  bone  grafting  is  a  surgical 
process  that  replaces  missing  bone  with  the  help  of  bone  graft  materials  in  order  to 
repair  complex  bone  fractures  in  normal  healthy  bone  without  damaging  living 
tissue.  Bone  graft  requirements  truly  depend  on  the  complication  of  the  bone  defects. 
There  are  a  number  of  bone  grafting  methods  available  for  the  repair  of  bone  defects. 
Among  these,  autografting  and  allografting  are  commonly  used  methods.  In  the 
autograft  technique,  bone  from  a  different  part  of  the  body  is  transferred.  However, 
there  are  some  practical  complications  associated  with  this  method,  such  as 
complications  in  wound  healing,  extra  surgery,  donor  pain,  and  limited  supply  of 
bone  [2] .  In  the  allograft  technique,  bones  from  living  donors  or  cadavers  are  used 
and  the  risks  associated  with  this  method  include  rejection  and  disease  transmission, 
along  with  a  significant  structural  failure  rate  due  to  poor  tissue  integration  [3-6] 
These  limitations  and  concerns  have  attracted  significant  interest  in  the  development 
of  synthetic  bone  grafts  that  are  equivalent  to  natural  bone  tissue  in  all  aspects  [7] .  A 
biodegradable  and  bioactive  material  is  one  of  the  essential  components  for  the 
development  of  synthetic  bone  grafting  and  a  limited  number  of  such  materials  are 
available.  Among  others,  chitosan  (CTS),  a  natural  polysaccharide  derived  from 
chitin,  and  hydroxyapatite  (HAp)  serve  as  the  best  bioactive  biomaterials  in  bone 
grafting  and  are  well  known  for  their  excellent  biocompatibility  with  the  human 
body  environment  [8].  Recently,  polymer/ceramic  composites  and  nanocomposites 
consisting  of  a  polymer  matrix  and  bioactive  micro-  or  nanofiller  have  been  utilized 
as  novel  bone  substitutes.  The  advantages  offered  by  using  polymers  in  this  regard 
include  structural  stability,  biocompatibility,  and  preferred  shape,  which  are  com- 
bined with  the  characteristics  of  ceramics  that  mimic  those  of  bone  structure.  One  of 
the  most  important  groups  of  polymer/ceramic  composites  are  polymer/HAp 
materials.  HAp  has  attracted  much  attention  as  a  biomaterial  because  its  chemical 
composition  is  identical  to  that  of  human  bone.  HAp  is  a  highly  biocompatible, 
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biostable,  and  bio-adoptable  natural  ceramic  without  viral  effects  [9, 10].  Moreover, 
it  has  a  unique  characteristic,  i.e.,  osteoconduction  [11-14].  HAp  also  facilitates  new 
bone  formation  without  resorption  and  interaction  with  the  living  system.  Moreover, 
nanostructured  HAp  has  high  surface  area  and  enhanced  bioactivity.  For  this  reason, 
it  interacts  with  the  lowest  hierarchical  levels  of  bone  structure  more  intensively.  As 
a  result,  several  polymer/HAp  nanocomposites  have  been  employed  to  resemble  the 
structure  and  properties  of  human  bone  tissue.  In  this  chapter,  the  structure  of  natural 
bone,  polymer  blends,  and  recent  advances  in  polymer/HAp  nanocomposites  for 
application  as  synthetic  bone  are  described. 


2    Structure  of  Natural  Bone 

Bone  is  a  vascularized,  dense  connective  tissue  that  forms  the  endoskeleton  of 
vertebrates.  There  are  206  bones  in  adult  humans  [15].  The  extracellular  matrix  of 
natural  bone  is  composed  of  two  major  phases:  organic,  consisting  mainly 
of  collagen;  and  inorganic,  consisting  of  minerals  (mainly  HAp).  The  inorganic 
phase  accounts  for  about  70%  of  the  dry  weight  of  bone  and  the  organic  matrix 
makes  up  the  rest  [16].  Collagen  fibers  are  seen  at  the  nanoscale  level  and  are 
surrounded  and  infiltrated  by  minerals.  The  hierarchical  structure  of  bone  has  been 
constructed  from  these  nanostructured  building  blocks.  However,  compositional 
differences  in  bone  exist  between  different  species  and  age  groups.  The  composi- 
tion of  the  two  phases  of  bone  are  discussed  in  Sects.  2.1  and  2.2. 


2.1    Organic  Phase  of  Bone 

The  organic  matrix  mostly  consists  of  type  I  collagen  (90%).  Bone  collagen  is  a 
fibrous  molecule  of  100-2,000  nm  length.  The  collagen  fibers  provide  the  frame- 
work and  architecture  of  bone,  while  the  HAp  crystals  are  located  in  the  fibers  and 
between  the  fibers.  The  noncollagenous  proteins  of  the  organic  matrix  consist 
of  proteoglycans,  glycoproteins,  and  y-carboxyglutamic-acid-containing  proteins 
[17,  18].  Type  I  collagen  is  synthesized  by  osteoblasts  (bone-forming  cells).  These 
molecules  have  a  triple  helical  structure.  After  secretion,  the  globular  ends  are 
cleaved  off  by  enzymes  and  the  triple-helical  molecules  undergo  a  self-assembly 
process.  In  general,  there  are  12  types  of  collagen  found  in  the  body  and  each 
collagen  comprises  three  polypeptide  chains  containing  approximately  1 ,000  amino 
acid  units  in  each  chain.  Specifically,  type  I  collagen  (MW  139,000  Da)  possesses 
two  identical  a  1(1)  chains  and  one  unique  oc2  chain;  this  configuration  produces  a 
fairly  rigid  linear  molecule  that  is  300  nm  long  [19].  These  self-assembled  triple 
helix  bundles  have  a  periodicity  of  67  nm,  with  40  nm  gaps  between  the  ends  of  the 
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Fig.  1  Assembly  of  collagen 
fibers  and  bone  mineral 
crystals.  Reprinted  from  [24] 
with  permission 
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molecules  and  pores  between  the  sides  of  parallel  molecules,  which  are  called  hole 
zones  (Fig.  1).  The  collagen  fibers  provide  the  framework  and  architecture  of  bone, 
while  the  HAp  crystals  are  located  in  the  fibers  and  between  the  fibers. 


2.2    Inorganic  Phase  of  Bone 


The  mineral  phase  is  mainly  formed  by  calcium  and  phosphorous,  which  form 
spindle-  or  plate-shaped  crystals  of  HAp  [3Ca3(P04)2.(OH)2].  HAp  nanocrystals  of 
bone  locate  at  hole  zones  within  the  collagen  fibrils.  This  restricts  the  possible 
primary  growth  of  the  crystals  and  forces  them  to  be  discrete  and  discontinuous. 
The  mineral  crystals  grow  with  a  specific  crystalline  orientation.  The  c-axes  of  the 
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Table  1  Several  levels  of  structural  organization  of  bone,  from  macro-  to  sub-nanostructure 


Structural  level 

number  Structural  organization  of  bone 


Examples 


1 

2 

3 
4 


Macrostructure 

Micro  structure:  10-500  mm 


Cancellous  and  cortical  bone 
Haversian  system,  osteons,  single 

trabeculae 
Lamellae 

Fibrillar  collagen,  embedded  mineral 


Sub-microstructure:  1-10  mm 
Nano structure:  from  a  few  hundred 

nanometers  to  1  mm 
Sub-nanostructure:  below  a  few  hundred  Mineral,  collagen,  non-collagenous 

nanometers  organic  proteins 


crystals  are  parallel  to  the  long  axes  of  the  collagen  fibrils  [20] .  The  average  size  of 
plates  is  50  x  25  nm  and  the  crystal  thickness  is  2-3  nm  [21].  The  mineralized 
apatite  contains  small  amounts  of  impurities,  e.g.,  phosphate,  Na,  Mg,  K,  citrate, 
and  carbonate  [20],  which  change  certain  physical  properties  (such  as  solubility) 
and  some  important  biological  features  of  bone  that  are  vital  to  normal  bone 
function.  For  instance,  the  presence  of  magnesium  in  the  mineralized  matrix  may 
improve  cellular  activity  and  promote  growth  of  HAp  crystals,  followed  by  new 
bone  formation  [22]. 


2.3    Physical  and  Mechanical  Characteristics  of  Bone 

The  hierarchical  structure  of  bone  extends  over  various  levels  ranging  from  macro- 
structure  to  sub-nanostructure  (see  Table  1  [49]  and  Fig.  2)  [23].  This  hierarchically 
organized  structure  has  an  irregular  but  optimized  arrangement  and  orientation  of 
the  components,  which  makes  bone  heterogeneous  and  anisotropic. 

Trabecular  or  cancellous  bone  is  spongy  in  nature  and  occupies  about  20%  of  the 
total  bone.  Cancellous  bone  is  lighter,  less  dense,  has  higher  porosity  (pores 
diameter  varies  from  a  few  micrometers  to  millimeters),  and  a  higher  concentration 
of  blood  vessels  than  compact  bone  (also  called  cortical  or  dense  bone)  (Fig.  2).  The 
porous  architecture  of  cancellous  bone  is  easily  visible  under  the  microscope  or 
even  with  the  naked  eye  because  it  contain  very  large  pores.  Cortical  bone,  which 
has  less  porosity  and  thus  a  lower  concentration  of  blood  vessels,  occupies  about 
80%  of  the  total  bone.  Due  to  its  lower  porosity,  its  porous  architecture  is  not  visible 
to  the  naked  eye.  The  diameters  of  pores  are  10-20  um  and  mostly  separated  by 
200-300  um  intervals.  Spongy  bone  acts  mainly  in  compression,  whereas  compact 
bone  acts  mechanically  in  torsion,  tension,  and  compression. 

Cortical  bone  is  mechanically  stronger  than  cancellous  bone  because  it  is  denser 
than  cancellous  bone.  The  relative  density  and  some  mechanical  properties  of  bone 
are  shown  in  Table  2.  However,  these  properties  changes  with  sex,  age,  dietary 
history,  health  status,  and  anatomical  location.  Generally,  lower  density  and  weaker 
mechanical  properties  are  observed  for  diseased  bone. 
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Fig.  2  The  hierarchical  structure  of  bone,  from  macro-  to  nanoassembly.  Reprinted  from  [34] 
with  permission 


Table  2  Relative  density  and  mechanical  properties  of  human  bone  (Reprinted  from  [24]  with 
permission) 


Cancellous 

Cortical  bone 

Cortical  bone 

Property 

bone 

(longitude) 

(transverse) 

Relative  density 

0.05-0.7 

0.7-1.8 

Elongation  (%) 

5-7 

1-3 

Ultimate  tensile  strength 

2-20 

130-150 

50-60 

(MPa) 

Elastic  modulus  (GPa) 

0.1-0.5 

17-30 

7-13 

At  the  microstructural  level,  the  Haversian  system  or  osteon  is  the  repeated 
structural  unit  of  compact  bone,  which  acts  as  a  weight-bearing  pillar.  In  contrast, 
spongy  bones  are  made  of  an  interconnecting  framework  of  trabeculae.  There  are 
three  types  of  cellular  structures  in  the  trabeculae,  (1)  plate/platelike,  (2)  plate/ 
barlike,  and  (3)  bar/barlike.  The  bone  tissue  primarily  consists  of  collagen 
nanofibers  and  bone  minerals  crystals  (particularly  HAp)  at  the  nanostructural  level. 


2.4    Bone  Remodeling  and  Bone  Cells 

Bone  has  the  capability  to  repair  or  modify  with  change  of  loading  conditions  of  the 
damaged  bone.  For  instance,  bone  mineral  content  can  be  increased  by  exercise, 
which  makes  bones  less  likely  to  fracture  [25].  Therefore,  bone  has  the  capability  of 
self-repair  through  the  formation  of  a  bone-modeling  unit  (BMU)  under  excessive 
mechanical  stress.  In  this  process,  three  types  of  bone  cells  are  involved:  osteoblasts 
(bone-forming  cells),  osteocytes  (bone-maintaining  cells),  and  osteoclasts  (bone- 
resorbing  cells).  The  bone  cells  functioning  during  the  bone  remodeling  process  are 
represented  in  Fig.  3  [26].  Osteoclasts  are  stimulated  by  cytokines,  and  the  proteins 
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Fig.  3  Coordinated  bone  cell  functions  that  maintain  homeostasis  during  bone  remodeling. 
Reprinted  from  [24]  with  permission 

present  in  the  bone  matrix  are  induced  to  resorb  old  bone.  Osteoblasts  are 
stimulated  by  insulin-like  growth  factors  I  and  II  to  deposit  calcium-containing 
minerals  secreted  by  osteoclasts  and/or  osteocytes.  New  bone  formation  is 
controlled  by  osteocytes  by  modulation  of  osteoblast  differentiation  from  non- 
calcium-depositing  cells  to  calcium-depositing  cells  through  secretion  of  growth 
factors  such  as  insulin-like  growth  factor-I  and  tissue  growth  factor  p  [27]. 

Bone,  like  other  connective  tissue  in  the  embryo,  is  derived  from  mesenchymal 
cells.  These  cells  have  the  ability  to  proliferate  and  differentiate  into  bone  cells, 
which  are  known  as  osteoprogenitor  cells.  They  are  also  called  bone-precursor  cells. 


2.4.1  Osteoblasts 

Osteoblast  cells,  found  on  the  surface  of  periosteal  and  endosteal  surfaces,  are 
responsible  for  the  formation  of  new  bone  tissue.  They  has  an  average  diameter 
of  10-50  um  and  produce  a  matrix  of  osteoid,  which  is  composed  mainly  of  type 
I  collagen.  Osteoblasts  are  also  responsible  for  mineralization  of  this  matrix. 
Osteoblasts  synthesize  and  deposit  bone  sialoprotein,  osteocalcin  (a  calcium- 
binding  protein),  and  other  matrix  proteins  at  the  beginning  of  the  mineralization 
process.  Osteocalcin  interacts  with  HAp  and  is  thought  to  mediate  pairing  to 
bone  resorption  by  osteoclasts  and  bone  formation  by  osteoblasts  and/or 
osteocytes. 
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2.4.2  Osteocytes 

Osteocytes  are  mature  cells  derived  from  the  osteoblasts  implanted  in  mineralized 
bone  matrix.  They  have  a  minor  contribution  to  new  bone  formation  compared  to 
osteoblasts.  Osteocytes  are  arranged  around  the  central  lumen  of  an  osteon  and 
between  lamellae  (Fig.  1).  Osteocytes  have  an  interconnecting  three-dimensional 
(3D)  network.  They  are  linked  with  adjacent  osteocytes  through  small  channels 
called  canaliculi.  Osteocytes  are  responsive  to  physiological  stress  and  strain 
signals  in  bone  tissue  and  also  help  to  balance  osteoblastic  and  osteoclastic  activity 
to  deposit  new  bone  and  to  dissolve  old  bone,  respectively.  Additionally,  they  act  as 
transporting  agents  of  minerals  between  bone  and  blood. 


2.4.3  Osteoclasts 

Osteoclasts  are  the  large  cells  (up  to  100  um  in  diameter)  that  are  found  at  the 
surface  of  bone  mineral  next  to  the  resorbing  bone.  Osteoclasts  are  primarily 
responsible  for  bone  resorption  ("clast"  means  to  break;  osteoclasts  break  down 
bone).  Osteoclasts  have  multiple  nuclei,  up  to  100  per  cell.  To  dissolve  the  minerals 
and  collagen  from  the  mature  bone,  they  use  acids  or  enzymes.  The  dissolved 
minerals  then  re-enter  the  bloodstream  and  are  carried  to  different  parts  of  the  body. 
Bone-lining  cells  are  responsible  for  regulating  the  transportation  of  bone  tissue 
minerals.  They  are  found  along  the  surface  of  the  mature  bone.  Osteoclasts  can  be 
activated  by  some  exclusive  proteins.  All  these  types  of  cells  are  together  responsi- 
ble for  building  the  bone  matrix  with  hierarchical  self-assembly,  maintenance,  and 
remodeling  and  these  processes  must  be  in  equilibrium  to  ensure  healthy  bone 
tissue.  Importantly,  the  extent  of  bone  remodeling  that  occurs  at  an  implant  surface 
will  determine  the  fate  of  the  prosthetic  device.  For  example,  loosening  and  failure 
of  the  implant  may  result  from  either  (1)  little  or  no  remodeling  in  the  bone 
surrounding  an  implant,  which  may  lead  to  malnourished  juxtaposed  bone,  or  (2) 
too  much  remodeling  in  the  bone  surrounding  an  implant,  which  may  lead  to 
excessive  bone  resorption,  or  osteolysis. 


2.5    Current  Scenario  of  Bone  Grafting 

Bone  is  the  second-most  transplanted  tissue  in  humans.  Bone  grafting  is  a 
surgical  process  that  repairs  or  replaces  the  defective  bones  with  healthy  bones 
with  the  help  of  bone  graft  materials  taken  either  from  the  patient's  own  body  or 
from  synthetic  sources  without  damaging  living  tissues.  The  bone  grafting 
technique  is  a  widely  applied  and  universally  accepted  technique  in  several 
types  of  surgery,  such  as  orthopedic  surgery,  plastic  surgery,  oral  and  maxillofa- 
cial surgery,  and  dental  surgery.  Along  with  filling  defective  gaps  by  bone 
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Fig.  4  Bone  grafting  strategies.  Reprinted  from  [34]  with  permission 

grafting,  mechanical  and  structural  support  is  also  provided,  which  eventually 
enhances  the  growth  of  bone  tissue.  Using  this  method,  recovery  time  is  reduced 
and  formation  of  new  bone  strengthens  the  defective  area  by  linking  implanted 
bone  grafts  with  host  bone.  A  number  of  methods  are  available  for  the  repair  of 
bone  defects,  such  as  autografting,  allografting,  xenografting,  and  alloplastic  or 
synthetic  bone  grafting.  Each  of  the  methods  has  its  own  advantages  and 
limitations  [28-33].  A  scheme  for  bone  grafting  strategies  in  humans  is  shown 
in  Fig.  4  [34].  Depending  on  the  nature  and  complexity  of  the  bone  defect,  the 
grafting  method  is  often  chosen.  Ultimately,  the  key  decision  is  taken  by  the 
surgeon  on  the  basis  of  experience. 


2.5.1  Autografts 

In  the  autograft  method,  bone  tissue  is  removed  from  one  portion  of  the  skeleton  and 
transplanted  to  another  site  of  the  same  body  that  requires  bone  regeneration.  It  is 
generally  taken  in  the  form  of  cancellous  bone  from  the  patient's  iliac  crest; 
however,  compact  bone  can  also  be  used  for  this  purpose  [35].  There  is  another 
newly  developed  source  of  autograft,  known  as  bone  marrow  aspirate  (BMA).  BMA 
is  osteoblastic  stem  cells  found  in  bone  marrow.  In  this  case,  the  defective  site  can 
be  transplanted  without  complex  surgery  because  these  osteoblastic  stem  cells  can 
be  taken  by  syringe  needle  from  the  patient's  own  body.  Additionally,  BMA 
provides  osteogenic  and  osteoinductive  factors,  which  are  necessary  for  fast  bone 
regeneration.  Also,  delivering  cells  without  using  a  suitable  carrier  system  increases 
the  chances  of  migration  of  cells  from  the  implanted  site.  The  autografting  method 
has  the  best  clinical  success  rate  because  it  provides  osteogenic  cells  with  essential 
osteoinductive  factors  for  the  activation  of  bone  growth;  thereby  autografts  have 
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been  the  gold  standard  of  bone  replacement  for  long  time  [36,  37].  Also,  this  is  the 
safest  transplant  because  of  the  compatibility  of  the  grafts  and,  therefore,  the  chance 
of  rejection  is  negligible.  However,  there  are  a  few  limitations  in  various  clinical 
situations,  i.e.,  (a)  insufficient  amount  of  grafts  when  dealing  with  large  bone 
defects,  (b)  donor  site  morbidity,  (c)  complexity  in  making  the  required  shape, 
(d)  complications  in  wound  healing,  and  (e)  extra  surgery. 


2.5.2  Allografts 

This  is  another  method  for  bone  grafting,  whereby  tissue  is  transplanted  between 
genetically  non-identical  members  of  the  same  species.  In  1908,  the  first  clinical 
use  of  an  allograft  was  carried  out  by  Lexer  [38].  Generally,  cancellous,  cortical,  or 
both  in  combination  can  be  used  as  allograft  materials.  Cadaver's  bones,  which  are 
generally  frozen  or  freeze-dried,  can  be  stocked  in  the  bone  banks.  However,  their 
strength  is  less  after  sterilization  and  they  are  not  resorbed  completely  after 
implantation.  As  a  result,  they  often  remain  as  dead  tissue  that  gradually  becomes 
fragile  and  can  cause  medical  complications  with  neighboring  tissues.  Allografting 
eliminates  harvesting  a  surgical  site,  post- operative  pain,  and  the  expense  of 
additional  surgery.  However,  allografts  are  always  associated  with  disease  trans- 
mission such  as  hepatitis  B,  hepatitis  C,  immune  deficiency  syndrome  (AIDS),  and 
lower  effectiveness  because  of  the  cleansing  and  disinfecting  process  during  which 
the  bone  growth  cells  and  proteins  are  removed  [39,  40].  These  restrict  its 
applications.  However,  in  the  case  of  a  large  bone  defect  or  when  the  defect  is 
not  repairable  by  autografting  because  of  insufficiency  of  the  graft  materials,  this 
method  has  particular  importance. 


2.5.3  Xenografts 

Xenografting  is  a  method  of  transplanting  tissue  between  members  of  different 
species;  bone  from  animal  to  human,  for  example.  Xenografting  comes  from  the 
Greek  word  xenos,  which  means  strange.  In  the  early  1960s,  bone 
transplantations  were  mainly  performed  by  xenografts.  The  bone  banks  usually 
stock  a  plentiful  quantity  of  graft  materials  because  of  their  simple  harvesting 
compared  to  bone  from  humans.  Currently,  multiple  xenografts  are  being 
processed,  such  as  frozen  calf  bone,  freeze-dried  calf  bone,  decalcified  ox 
bone,  and  deproteinized  bovine  bone  [41].  A  commercially  available  xenografts 
is  kiel  bone,  which  comprises  deproteinized  bone  from  freshly  sacrificed  calves 
[42].  Unlike  autografting  or  allografting,  xenografting  is  not  very  successful, 
mainly  because  of  the  risk  of  antigenicity.  However,  organ  scarcity  has 
encouraged  continued  research  in  this  field. 
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2.5.4    Synthetic  Bone  Grafting 

Recently,  the  use  of  synthetic  substances  as  bone  graft  materials  has  increased  in 
importance  as  an  alternative  to  all  other  bone  grafting  methods.  Synthetic  bone 
grafting  is  a  surgical  process  that  uses  synthetic  substances  (often  called  synthetic 
bone  grafts)  to  repair  or  redevelop  defective  bone  tissue.  It  is  also  known  as 
alloplastic  bone  grafting.  To  date,  a  number  of  synthetic  bone  grafts  have  been 
developed  to  eliminate  or  minimize  the  complications  associated  with  autografts, 
allografts,  and  xenografts  [43-46] .  Each  synthetic  material  has  different  character- 
istic functions  either  in  vitro  or  in  vivo,  which  makes  difficult  to  judge  the  best 
system  for  bone  grafting.  There  are  many  advantages  and  disadvantages  associated 
with  each  of  these  materials.  Synthetic  grafts  are  considered  a  good  choice  for 
bone  grafting  because  synthetic  grafts  are  abundantly  available,  sterilizable,  repro- 
ducible, shapeable,  and  cost-effective.  Also,  some  of  the  limitation  of  autografts  or 
allografts  such  as  donor  shortage  and  the  chance  of  rejection  or  transmission  of 
infectious  disease  can  be  eliminated  by  synthetic  bone  grafts.  Currently,  none  of  the 
synthetic  grafts  resembles  natural  bone  tissue  in  many  aspects  because  of  the  lack  of 
proper  designing  techniques.  The  biomimetic  approach  is  considered  to  be 
promising  for  the  design  of  such  a  bone-resembling  graft.  Research  is  now 
progressing  in  this  direction  and  the  next  decade  may  witness  many  breakthroughs 
in  the  fascinating  field  of  biomimetic s. 


3  Hydroxyapatite 

Hydroxyapatite,  Caio(P04)6(OH)2,  is  the  main  inorganic  component  found  in  hard 
human  tissues  such  as  bone  and  teeth  and  is  the  most  extensively  used  bioceramic  in 
bone  tissue  engineering.  The  other  materials  used  for  this  purpose  include  alumina, 
zirconia,  titania  phosphates,  and  calcium  phosphates  [such  as  calcium 
tetraphosphate  (Ca4P209)  and  tricalcium  phosphate  Ca3(P04)2]  and  derivatives 
[47,  48].  The  chemical  structure  of  HAp  is  presented  in  Fig.  5  [49]. 

Most  of  the  biological  HAps  are  weakly  crystalline  and  non- stoichiometric.  HAp 
contain  various  foreign  ions,  primarily  carbonate  ion  (C03  )  and  small  amounts  of 
sodium  (Na  ),  magnesium  (Mg  ),  ferrous  (Fe  ),  chloride  (CI  ),  fluoride  (F  ),  and 
hydrogen  phosphate  (HP04  )  ions.  C03  consist  of  3-8  wt%  of  the  calcified 
tissue,  which  varies  with  bone  age  [50-52].  Thus,  this  ion  is  a  major  ion  in  bone 
metabolism.  Bone  mineral  is  a  calcium-deficient  HAp  with  a  Ca:P  ratio  of  about 
1.5.  Bone  mineral  and  p-tricalcium  phosphate  (P-TCP)  are  chemically  and  compo- 
sitionally  similar;  however,  it  is  structurally  similar  to  HAp  (Ca:P  =  1.67). 
Calcium-deficient  HAps  [Ca10-x(HPO4)x(PO4)6_x(OH)2_J  with  Ca:P  ratios  vary- 
ing  from  1.67  to  1.33  are  formed  by  the  loss  of  Ca    ions  from  the  unit  cell  [8,  53]. 

Various  methods  have  been  developed  for  the  synthesis  of  HAp.  For  example, 
Hao  et  al.  have  synthesized  HAp  nanocrystals  by  the  hydrothermal  method  [54,  55]. 
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Fig.  5  Atomic  structure  of  HAp;  smallest  white  atoms,  phosphorus;  largest  gray  atoms,  oxygen; 
medium  black  atoms,  calcium.  Reprinted  from  [49]  with  permission 

In  this  method,  an  aqueous  solution  of  (NH4)2HP04  was  slowly  added  drop  by  drop 
into  aqueous  Ca(N03)2  solution  under  stirring  at  room  temperature.  The  resultant 
precipitate  was  put  into  an  autoclave  and  then  treated  hydrothermally  at  140°C  for 
5  h  under  a  pressure  of  0.3  MPa.  It  was  then  washed  with  deionized  water  by  a 
centrifugal  method.  Finally,  the  white  slurry  was  dried  to  produce  HAp  [55]. 

Needle-like  HAp  nanocrystals  having  a  similar  morphology  and  crystal  structure 
to  natural  apatite  (average  size  of  50  x  25  nm  and  thickness  of  2-3  nm)  have  been 
synthesized  by  hydrothermal  methods  [54]. 

Slosarczyk  et  al.  have  used  a  wet  method  to  obtain  carbonated  HAp  powders  [56, 
57].  Calcium  oxide  (CaO),  calcium  nitrate,  calcium  tetrahydrate  [Ca(N03)2-4H20] 
or  calcium  acetate  [Ca(CH3COO)2-H20]  were  used  as  the  calcium  source.  As  the 
phosphorous  source,  phosphoric  acid  (H3P04)  or  di-ammonium  phosphate 
[(NH4)2HP04]  were  used.  The  molar  ratio  of  Ca:P  was  1.67.  Ammonium  bicar- 
bonate (NH4HC03)  or  sodium  bicarbonate  (NaHC03)  were  used  as  reactants  to 
introduce  C03  groups.  Biological  apatites  in  natural  bone,  dentin,  and  enamel 
contain  7.4,  5.6,  and  3.5  wt%  of  carbonate,  respectively.  In  this  method,  some  of  the 
P(V"  and  OH"  groups  are  replaced  by  C03  groups.  This  carbonated  HAp 
powder  has  proved  to  be  a  promising  material  for  bioresorbable  bone  substitution, 
among  other  applications  [56]. 

Template  technology  has  been  used  by  Zhang  et  al.  to  synthesize  HAp  single- 
crystal  nano wires,  and  the  product  was  confirmed  by  using  different  analytical 
techniques,  e.g.,  X-ray  diffraction  (XRD),  transmission  electron  microscopy 
(TEM),  and  X-ray  photoelectron  spectroscopy  (XPS).  The  crystalline  order  of  the 
HAp  precursors  was  maintained  in  the  electrodeposited  nanowires,  which  were 
confirmed  by  the  characterization.  These  HAp  single-crystal  nanowires  displayed 
structural  similarity  to  the  natural  HAp  found  in  bone  [58]. 

The  precipitation  method  was  adopted  by  Siddharthan  et  al.  to  synthesize 
calcium-deficient  HAp  (cdHAp)  with  a  Ca:P  ratio  of  1.5  [53]  using  calcium  nitrate 
tetrahydrate  and  phosphoric  acid  under  accelerated  microwave  irradiation.  The 
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synthesis  of  cdHAp  took  a  shorter  time  than  by  other  available  methods.  The 
authors  have  confirmed  the  formation  of  16-39  nm  long  and  7-16  nm  thick 
needle-like  nanocrystallites. 

Murugan  et  al.  [51]  also  applied  microwaves  for  the  synthesis  of  carbonated 
HAp  (cHAp)  with  structural  and  chemical  similarities  to  biological  apatite.  Its 
bioresorbable  nature  was  determined  by  its  in  vitro  solubility  under  physiological 
conditions  and  was  found  to  be  higher  than  that  of  HAp. 

cHAp  nanospheres  for  tissue  engineering  scaffolds  have  been  prepared  by  Zhou 
and  his  group  [59]  using  a  nanoemulsion  method.  Nanoemulsions  are  a  new  class  of 
emulsions  having  very  fine  and  uniform  droplet  sizes,  usually  in  the  range  of 
20-200  nm  [60].  Using  this  method,  microemulsion-like  dispersions  can  be 
obtained  using  very  low  surfactant  concentrations,  or  even  without  any  surfactant. 
Using  this  method,  nanosized,  B-type  cHAp  particles  of  spherical  shape  have  been 
synthesized  [59]. 

Landi  et  al.  [61]  have  synthesized  Mg-doped  HAp  by  a  wet-chemical  method 
and  5.7  mol%  Mg-doped  HAp  showed  the  best  result  in  biological  applications.  No 
genotoxicity,  carcinogenicity,  or  cytotoxicity  was  observed  using  these  materials, 
which  makes  them  biocompatible.  Mg-doped  HAp  also  showed  superior  material 
resorption  and  better  osteoconductivity  than  stoichiometric  HAp. 

HAp  has  excellent  biocompatibility,  osseointegration,  and  biostability  [9,  10]. 
Additionally,  its  unique  characteristic  of  osteoconduction  [11-14]  in  host  osseous 
materials  has  been  employed  in  dental  implants  [62-66]  and  in  bone  cement 
applications  [67-69].  HAp-based  implants  are  made  both  from  natural  products 
like  animal  bones  or  corals,  and  also  from  synthetic  HAp.  The  use  of  HAp 
materials  made  from  animal  bones  are  advantageous  because  they  inherit  some 
properties  such  as  chemical  composition  and  structure  from  the  raw  material 
[70-72].  In  spite  of  these  advantages,  HAp-based  implants  from  synthetic  HAp 
are  preferable  because  of  their  uniform  composition,  high  biocompatibility, 
overall  safety,  and  their  completely  controllable  microstructure  [73].  The 
limitations  of  an  HAp  implant  include  its  hardness  and  brittleness,  which 
makes  it  difficult  to  shape  in  the  complex  forms  required  for  bone  treatment, 
and  its  easy  migratory  tendency  from  the  implanted  sites.  To  overcome  these 
limitations,  many  efforts  have  been  made  towards  development  of  novel  HAp/ 
organic  polymer  composites  [74].  In  the  early  1980s,  Bonfield  introduced  the 
concept  of  using  bioactive  HAp  particles/modified  polymer  composites  as 
implant  materials  for  bone  replacement  [75].  Since  then,  HAp-modified 
polymer-based  biocomposites  have  been  widely  studied  for  bone  tissue  replace- 
ment. In  the  next  section,  we  discuss  the  use  of  polymers  and  give  a  brief 
introduction  to  these  polymers  and  different  methods  for  their  preparation. 


Hydroxy  apatite-Packed  Chitosan-PMMA  Nanocomposite:  A  Promising  Material  for. 


149 


Polymerisation 


Step-growth 
polymerisation 

1 

polymerisation  ^^^^^^^^^^^^^H 

Copolymerisation 

1 

Insertion 
polymerisation 

Free-radical 


Anionic 


Cationic 


Random 


Blocks 


Alternative 


Grafts 


Fig.  6  Different  types  of  polymerization 


4  Polymers 


Polymers  are  molecules  consisting  of  a  long  chain  of  repeating  smaller  units  called 
monomers.  Polymers  have  the  highest  molecular  weight  of  any  molecules  and  may 
consist  of  billions  of  atoms.  Human  DNA  is  a  polymer  with  over  20  billion 
constituent  atoms.  Proteins,  or  the  polymers  of  amino  acids,  and  many  other 
molecules  that  make  up  life  are  polymers.  Polymers  are  the  largest  and  most  diverse 
class  of  known  molecules.  The  length  of  the  polymer  chain  is  specified  by  the 
number  of  repeat  unit  in  the  chain  and  depends  on  the  degree  of  polymerization 
(DP).  The  molecular  weight  of  the  polymer  is  the  product  of  the  molecular  weight 
of  the  repeat  unit  and  the  DP.  In  the  next  section,  different  methods  for  the  synthesis 
of  polymers  are  described. 


4.1    Synthesis  of  Polymers 

A  number  of  different  methods  have  been  used  to  synthesize  polymers  from 
suitable  monomers,  such  as  condensation  or  step-growth  polymerization,  addition 
polymerization,  copolymerization,  and  insertion  polymerization  (Fig.  6). 


4.1.1    Condensation  or  Step-Growth  Polymerization 

Condensation  polymerization  or  step-growth  polymerization  is  a  process  by  which 
two  molecules  join  together,  resulting  in  loss  of  small  molecules,  which  are  often 
water.  The  type  of  end  product  resulting  from  a  condensation  polymerization  is 
dependent  on  the  type  of  reactive  functional  groups  at  the  monomeric  end,  such  as 
-OH,  -COOH,  -COOR,  -COC1,  -NH2,  -CHO,  and  -NCO.  The  reaction  is  usually 
a  non-catalyzed  chemical  condensation  reaction  and  continues  until  the  entire 
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amount  of  one  reagent  is  used  up.  The  equilibrium  for  these  reactions  can  be 
controlled.  An  example  of  condensation  polymerization  is  given  by: 

CH3  -  NH2  +  HOOC  -  CH2  -  HC3      CH3  -  NH  -  CO  -  CH2  -  CH3  +  H20 
Amine     +    Acid  =  Amide     +  Water 

4.1.2    Addition  Polymerization 

In  addition  polymerization,  simple  molecules  or  monomers  are  added  to  each  other 
to  form  long-chain  molecules  (polymers)  without  by-products,  thus  yielding  a 
polymeric  product  in  which  the  molecular  formula  of  the  repeating  unit  is  identical 
to  that  of  the  monomer.  The  molecular  weight  of  the  polymer  so  formed  is  thus  the 
total  of  the  molecular  weights  of  all  of  the  combined  monomer  units.  There  are 
three  commonly  used  types  of  addition  polymerization:  free-radical  polymeriza- 
tion, cationic  polymerization,  and  anionic  polymerization,  which  are  described 
below.  An  example  of  addition  polymerization  is  given  by: 

CH3  -  N  =  C  =  O  +  HO  -  CH2  -  CH3      CH3  -  NH  -  CO  -  O  -  CH2  -  CH3 
Isocyanate     +    Alcohol     =  Urethane 

Free-  radical  polymerization 

A  free  radical  is  usually  generated  by  the  decomposition  of  a  relatively  unstable 
material  called  a  radical  initiator.  This  process  includes  initiation,  chain  propa- 
gation, and  termination.  Examples  of  this  kind  of  polymerization  include  poly- 
merization of  ethylene  to  polyethylene,  vinyl  chloride  to  poly  (vinyl  chloride), 
and  vinyl  acetate  to  poly  (vinyl  acetate). 

Cationic  polymerization 

In  this  polymerization,  the  active  site  has  a  positive  charge,  i.e.,  the  process  goes 
through  formation  of  a  carbocation  intermediate.  A  monomer  containing  an 
electron-donating  group  is  the  most  appropriate  for  this  type  of  polymerization. 
Polymerization  initiation  can  be  achieved  using  a  mineral  acid  or  Lewis  acid. 
However,  Lewis  acid-catalyzed  polymerization  generally  takes  place  in  water  or 
methanol  solvent. 

Anionic  polymerization 

In  anionic  polymerization,  the  active  site  on  the  end  of  a  growing  chain  is 
negatively  charged,  i.e.  carboanion.  Certain  types  of  ring-opening 
polymerizations  can  proceed  by  this  mechanism.  In  inert  solvent  without  any 
contaminants,  carboanion  groups  might  be  present  in  the  system  due  to  the 
absence  of  termination  reactions.  In  protic  solvents,  the  chain  reaction  can  be 
stopped  by  transfer  to  solvent. 
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4.1.3  Copolymerization 

In  copolymerization,  a  mixture  of  more  than  one  monomer  is  allowed  to  polymerize 
and  co-polymer  is  formed.  Co-polymers  contains  multiple  units  of  each  monomer 
used  for  polymerization  in  the  same  polymeric  chain.  The  copolymer  with  a 
relatively  random  distribution  of  the  different  monomer  in  its  structure  is  referred 
to  as  a  random  copolymer.  For  example,  a  random  copolymer  with  two  different 
monomers  A  and  B  can  be  depicted  as  AABBBABAAAABBA.  The  other  types  of 
copolymers  are  alternating,  block,  and  graft.  In  the  alternating  copolymer,  two 
monomers  alternate  in  a  regular  fashion,  e.g.,  ABABABABABABAB.  In  a  block 
copolymer,  one  or  more  long  uninterrupted  sequence  of  each  monomer  can  be  seen, 
e.g.,  AAAAAABBBBBBBB;  it  is  a  linear  copolymer.  A  graft  copolymer  is  a 
branched  copolymer  with  a  backbone  of  one  type  of  polymer  to  which  one  or 
more  side  chains  of  another  type  of  polymer  are  attached: 


AAAAAAAAAAAAAA. 

B 
B 
B 
B 
B 


An  example  of  copolymerization  is  given  by: 
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4.1.4    Insertion  Polymerization  or  Coordination  Polymerization 

Insertion  polymerization  is  usually  catalyzed  by  an  organometallic  compound  and  a 
monomer  is  inserted  between  the  metal  ion  and  the  carbon  atom  adjacent  to  the 
metal  (carboanion).  As  a  result,  the  polymer  chain  is  pushed  out  from  the  solid 
catalyst  surface.  Usually,  addition  polymerizations  are  involved  in  the  polymeriza- 
tion of  olefinic  monomers.  Polymerization  occurs  via  an  insertion  of  a  monomer  at 
the  end  of  the  growing  chain,  mediated  by  a  catalyst.  The  catalyst  stays  at  the  end  of 
the  growing  chain.  Polymers  synthesized  by  insertion  polymerization  are  typically 
characterized  by  a  very  high  stereo-regularity.  An  example  of  such  a  polymeri- 
zation technique  is  the  Ziegler-Natta-catalyzed  polymerization. 
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Fig.  7  Classes  of  polymers 


42    Classification  of  Polymers 


Polymers  can  be  classified  into  two  main  categories,  namely,  natural  and  synthetic 
polymers.  The  detailed  sub-classes  of  these  two  categories  are  given  in  Fig.  7. 


5    Polymers  in  Bone  Tissue  Engineering 


Metallic  biomaterials  have  their  main  applications  in  load-bearing  systems  such 
as  hip  and  knee  prostheses  and  for  the  fixation  of  internal  and  external  bone 
fractures.  The  metallic  implants  most  widely  used  in  orthopedic  surgery  are 
stainless  steel,  titanium  and  titanium-base  alloy,  and  cobalt-chromium  alloys. 
However,  stress-shielding  problems  can  be  associated  with  these  materials  due  to 
their  high  elastic  modulus  [76].  When  stiff  metal  or  ceramic  implant  is  placed  in 
bone,  it  will  resorb  because  of  the  reduced  mechanical  environment.  For  total  hip 
replacement,  bone  resorption  in  the  proximal  femur  creates  problems  like  aseptic 
loosening  of  the  prosthesis,  caused  by  the  stress  and  strain  in  the  femoral  cortex 
after  the  metallic  femoral  hip  replacement  is  implanted  [8] .  There  are  many  other 
disadvantages  of  using  metallic  and  ceramic  materials  for  tissue  engineering, 
such  as  the  lack  of  biodegradability  and  biocompatibility  and  limitations  in  their 
processability  [77-80].  Polymer  biomaterials  have  been  using  clinically  since  the 
1960s.  They  offer  several  advantages  like  the  ease  of  manufacture  of  products 
with  diverse  and  complex  shapes,  reasonable  cost,  availability,  and  the  wide 
range  of  physical  and  mechanical  properties  compared  to  metallic  or  ceramic 
materials  [81,  82].  The  stiffness  of  polymeric  materials  is  close  to  the  stiffness  of 
bone,  in  contrast  to  metals  or  ceramics,  which  gives  an  additional  advantage  for 
certain  applications  [83,  84].  Polymers  can  be  applied  as  bone  implants  because 
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of  their  tensile  strength,  the  elastic  modulus  (Fig.  4),  and  biostability.  The  most 
important  synthetic  nondegradable  polymers  in  bone  tissue  engineering  are 
polyethylene  (PE),  polypropylene  (PP),  selected  polyurethanes  (PUs),  polytetra- 
fluoroethylene  (PTFE),  poly  (vinyl  chloride)  (PVC),  poly  amides  (PAs),  poly 
(methyl  methacrylate)  (PMMA),  polyoxymethylene  (POM,  polyacetal  resin), 
polycarbonate  (PC),  poly  (ethylene  terephtalate)  (PET),  poly  (ether  ether  ketone) 
(PEEK),  and  poly sulf one  (PSU).  These  polymers  have  several  applications  in  the 
medical  field,  ranging  from  PTFE  vascular  grafts  to  ultrahigh  molecular  weight 
polyethylene  (UHMWPE)  acetabular  cups  [8,  85,  86]. 


6    Polymer/HAp  Composites  in  Bone  Tissue  Engineering 

Nanocomposites  with  bone-like  properties  depend  on  two  main  factors:  (a)  interfa- 
cial  adhesion  should  be  good  between  organic  polymers  and  inorganic  HAp,  and  (b) 
the  dispersion  of  HAp  should  be  uniform  at  the  nanolevel  in  the  polymer  matrix 
[87].  Poor  interface  between  phases  is  due  to  the  lack  of  adhesion  between  HAp 
particles  and  the  polymer  matrix.  Additionally,  HAp  might  agglomerate  if  it  is  not 
evenly  dispersed  in  the  polymer  matrix  through  proper  processing  methods,  which 
causes  poor  mechanical  properties.  During  the  past  few  decades,  significant  efforts 
have  been  made  to  synthesize  polymer/nanoHAp  systems  that  resemble  bone 
structure.  Generally,  both  nondegradable  and  degradable  polymers  are  used  for 
fabrication  of  polymer/HAp  composite  materials  in  bone  tissue  engineering. 


6.1    Nondegradable  Polymer/HAp  Nanocomposites 

Nondegradable  polymers  have  good  mechanical  properties  and  chemical  stability. 
Therefore,  they  are  widely  used  in  bone  tissue  engineering.  However,  improvement 
of  their  biocompatibility  and  performance  are  highly  desirable  in  terms  of  clinical 
applications.  The  nondegradable  polymer/HAp  systems  are  generally  applied  for 
tissue  that  cannot  be  regenerated  due  to  its  large  losses  and,  in  the  case  of  elderly 
patients,  with  a  less  effective  tissue  self-healing  ability.  The  use  of  PMMA  as 
nondegradable  polymer  is  described  below. 

6.1.1    Poly(methyl  methacrylate) 

PMMA  and  its  derivatives  have  been  used  most  often  in  the  bone  cements  used  for 
fixation  in  orthopedic  surgeries.  PMMA  is  an  amorphous  thermoplastic  polymer.  It 
gives  excellent  optical  clarity,  weather  resistance,  surface  hardness,  good  chemical 
resistance,  rigidity,  dimensional  stability,  low  mold  shrinkage,  good  impact 
strength,  nontoxicity,  and  tastelessness.  PMMA  powders  can  be  injected  and 
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compression  molded,  extruded,  etc.  Liquids  can  be  cast  into  sheets,  lenses,  and  rods 
[88,  89].  Even  though  the  mechanical  characteristics  of  PMMA  are  rather  poor,  it 
allows  even  distribution  of  implant  loads  and  forms  a  strong  mechanical  bond  with 
implants.  However,  there  are  several  limitations  to  the  use  of  PMMA,  such  as 
brittleness  and  shrinkage  of  PMMA,  void  production  in  processing  [90-92],  lack  of 
adherence  to  the  bone  [93,  94],  and  the  exothermic  polymerization  reaction,  which 
can  damage  bone  tissue  [95,  96]. 

To  minimize  this  problem,  several  techniques  have  been  developed.  De  Santis 
et  al.  [97]  have  prepared  a  blend  of  PMMA  and  paraffin-based  phase  change 
material  (PCM)  that  is  able  to  store  the  thermal  energy  produced  during  polymeri- 
zation of  methyl  methacrylate  [98].  Migliaresi  and  coworkers  have  used  acryl 
polymers  such  as  poly(/?-butyl  methacrylate)  (PBMA),  for  orthopedic  applications. 
These  polymers  are  characterized  by  lower  exothermic  effect,  higher  fracture 
toughness,  and  superior  fatigue  life  along  with  lower  toxicity  to  soft  tissue  and 
dental  pulp  [99].  Use  of  poly(hydroxyethyl  methacrylate)  (PHEMA)  also  showed 
improved  biocompatibility  [100]. 

Besides  having  an  inert  material  for  fibroblastic  cells  observed  at  the 
bone-cement  interface,  PMMA  is  still  the  current  standard  for  cement-held 
prostheses.  Vallo  and  his  group  measured  the  flexural,  compressive,  and  fracture 
properties  of  PMMA  bone  cements  that  incorporated  various  amounts  of  HAp. 
They  found  that  addition  of  up  to  15  wt%  HAp  increases  the  flexural  modulus  and 
fracture  toughness  [89].  It  was  also  observed  that,  with  increasing  HAp 
incorporation  into  PMMA,  the  biological  responses  of  the  bone  cement  increased 
and  thus  increased  osteoblast  adhesion  and  response  [88].  Kwon  and  coworkers 
reported  that  a  PMMA/HAp  composite  with  30  wt%  of  HAp  increased  the  inter- 
facial  shear  strength  at  the  bone-implant  interface  6  weeks  after  implantation  in 
rabbits  [101].  Several  other  research  studies  revealed  that,  depending  on  the  type  of 
bone  cement,  the  addition  of  HAp  can  improve  the  mechanical  properties  of  bone 
cements  [102]. 

Moursi  et  al.  [103]  studied  the  response  of  osteoblasts  to  PMMA/HAp  materials. 
They  found  that  osteoblasts  attached  equally  well  to  PMMA/HAp.  In  contrast,  the 
increase  of  osteoblasts  on  PMMA/HAp  was  significantly  improved,  compared  to 
PMMA,  after  8  days  in  culture. 

In  addition,  to  improve  adhesion  between  polymer  matrix  and  HAp,  several 
copolymer  such  as  PMMA,  PBMA,  and  PHEMA  were  grafted  onto  the  surface  of 
HAp  using  isocyanatoethyl  methacrylate  (ICEM)  or  hexamethylene  diisocyanate 
(HMDI)/hydroxy ethyl  methacrylate  (HEM A)  [100].  These  three  methacrylate 
polymers  were  coupled  to  HAp  particles  via  covalent  bonding  with  isocyanate 
groups. 

Skrtic  et  al.  [104]  studied  methacrylate  conversion  and  volumetric  contraction  in 
photo-polymerized  composites  with  amorphous  calcium  phosphate  (ACP).  ACP 
was  used  because  it  is  highly  soluble  in  aqueous  media  and  can  be  quickly 
transformed  to  HAp.  Ideally,  on  polymerization,  the  resin  systems  used  in 
composites  should  achieve  the  contradictory  goals  of  both  high  vinyl  conversion 
and  minimal  volumetric  contraction.  A  high  degree  of  vinyl  conversion,  with 
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homogeneous  network  formation,  is  desirable  because  it  maximizes  the  glass 
transition  temperature  of  the  matrix;  thereby  rendering  it  less  susceptible  to  the 
softening  effects  of  the  aqueous  oral  environment.  Several  researchers  have 
investigated  the  degree  of  vinyl  conversion  and  volumetric  contraction  of  different 
types  of  resin  composites  formulated  with  three  types  of  ACP.  They  observed  that 
the  conversion  of  methacrylate  functional  groups  in  the  resin  matrix  of  the  various 
types  of  composites  is  independent  of  the  type  of  filler  phase,  but  dependent  on  the 
monomer  and  the  compositional  factors  of  the  resin  matrix.  It  was  also  observed 
that  volumetric  contraction  of  these  experimental  composites  appeared  to  depend 
not  only  on  the  type  of  resin,  but  also  on  the  type  of  ACP.  Kim  and  coworkers  [105] 
proposed  bioactive  bone  cement  (BBC),  composed  of  natural  bone  powder  (HAp), 
chitosan,  and  commercially  available  PMMA-based  bone  cement.  The 
investigators  obtained  three  types  of  BBCs  with  different  composition  ratios: 
BBC  I,  BBC  II,  and  BBC  III  with  10  wt%  of  chitosan  and  40,  50,  and  60  wt%  of 
HAp,  respectively.  Observation  of  the  interfacial  area  between  the  host  bone  and 
the  bone  cement  indicated  that  the  BBC  II  composite  has  numerous  pores  that  could 
be  expected  to  afford  space  for  bone  ingrowth.  However,  after  4  weeks,  the  gaps 
between  the  host  bone  and  the  BBC  II  became  narrower  and  PMMA  exhibited 
undesirable  cleavage  at  the  interfacial  area;  simultaneously,  histological 
examinations  of  the  interfaces  at  4  weeks  post-implantation  demonstrated  more 
new  bone  formations  in  the  BBC  II  implant  than  in  pure  PMMA.  In  addition,  the 
exothermic  effects  in  the  BBCs  were  considerably  lower  than  for  pure  PMMA. 


6.2    Degradable  PolymerlHAp  Nanocomposites 

For  the  last  40  years,  the  need  for  so-called  "biodegradable"  therapeutic  material 
systems  has  received  much  attention  in  order  to  replace  the  use  of  biostable  (or 
long-lasting)  materials.  This  evolution  is  aimed  at  helping  injured  or  diseased  tissue 
to  self-repair  because  living  systems  have  outstanding  healing  ability.  Among  these 
domains,  one  can  distinguish  surgery  with  sutures,  osteosynthesis  devices  (screws, 
plates,  staples,  etc.),  pharmacology  with  drug  delivery  systems,  and  tissue  engi- 
neering [106].  Both  synthetic  and  naturally  derived  biodegradable  polymeric 
materials  have  been  investigated  extensively  as  biomaterials  for  bone  tissue  regen- 
eration and  reconstruction.  An  overview  of  degradable  polymeric  materials  (both 
synthetic  and  natural)  that  are  used  as  polymer  matrices  for  HAp  is  presented  in 
Table  2. 

6.2.1    Synthetic  Biodegradable  Polymers 

Synthetic  biodegradable  polymers  have  attracted  much  interest  for  short-term 
medical  applications  like  sutures,  drug  delivery  devices,  orthopedic  fixation 
devices,  wound  dressings,  temporary  vascular  grafts,  stents,  different  types  of  tissue 
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engineered  grafts,  etc.  [107].  The  hydrolytically  (synthetic  in  most  cases)  degrad- 
able  polymers  are  usually  preferred  as  implants  compared  to  enzymatically 
(natural)  degradable  polymers  due  to  their  minimal  site-to-site  and  patient-to- 
patient  variations  [108].  Polymers  of  glycolic  acid  and  lactic  acid  have  been 
using  in  the  medical  industry  since  the  1960s,  beginning  with  biodegradable  sutures 
[109].  Other  materials,  such  as  poly(dioxanone),  poly(trimethylene  carbonate) 
copolymers,  and  e-caprolactone  homo-  and  copolymers  have  also  been  used  as 
medical  devices  [82,  110,  111].  Functional  groups  that  are  easy  to  hydrolyze,  such 
as  ester,  phosphazene,  anhydride,  carbonate,  amide,  and  urethane  [112],  are 
logically  the  most  important  for  the  synthetic  biodegradable  polymers  [polyesters, 
polyphosphazenes,  poly  anhydrites,  polyurethanes,  and  poly(amino  acids)]  cur- 
rently used  in  biomedical  science. 

Synthetic  biomaterials  are  generally  biologically  inert  and  have  more  predict- 
able properties  than  natural  polymers.  Thus,  for  biological  applications  these 
materials  requires  a  certain  level  of  biological  activity.  However,  strategies  have 
only  been  developed  to  incorporate  biological  motifs  (e.g.,  HAp  for  bone  tissue 
regeneration)  onto  synthetic  polymers  to  generate  hybrid  materials.  However,  only 
a  few  novel  procedures  are  currently  being  introduced  [113]. 

6.2.2    Natural  Degradable  Polymers 

Polysaccharides 

Polysaccharides  contain  monosaccharide  units  joined  together  by  glycosidic 
linkages.  Polysaccharides  display  unique  biological  functions  ranging  from  cell 
signaling  to  immune  recognition.  Combined  with  new  synthetic  routes  currently 
available  for  synthesis  or  modification  of  polysaccharides,  their  biodegradability 
and  ability  to  form  specific  interactions  make  them  one  of  the  most  important  and 
extensively  investigated  groups  of  natural  biomaterials. 

Chitin  and  Chitosan 

Chitosan  (CTS)  is  a  natural  copolymer  derived  from  chitin,  which  is  a  homopoly- 
mer  comprising  2-acetamido-2-deoxy-p-D-glucopyranose  units.  The  deacetylated 
form,  namely  2-amino-2-deoxy-p-D-glucopyranose,  is  the  major  composition  of 
CTS  chains.  With  a  minimum  50%  deacetylation  of  chitin,  it  becomes  soluble  in 
dilute  acids  and  is  referred  to  as  CTS.  The  main  sources  exploited  are  two  marine 
crustaceans,  shrimp  and  crab  [114-119].  The  structures  of  chitin  and  CTS  are 
shown  in  Fig.  8.  Recently  CTS  has  attracted  much  attention  due  to  its  wide  range 
of  applications  in  medicine,  drug  delivery,  waste-water  treatment,  biomembranes, 
and  hydrogel  development  [114,  120-122].  CTS  is  also  a  potential  candidate  for 
pharmaceutical  and  cosmetic  applications  due  to  its  biodegradability,  biocompati- 
bility,  high  charge  density,  nontoxicity,  and  absorption  [123].  Furthermore,  the 
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Fig.  8  Structure  of  chitin  and  chitosan 


macromolecular  chain  of  CTS  can  be  stiff  as  well  as  having  the  ability  to  stabilize  a 
liquid  crystalline  phase  in  acetic  acid  solution  [124].  The  stiffness  of  the  macromo- 
lecular chain  of  CTS  is  very  sensitive  to  pH  and  a  small  change  in  pH  can  change 
the  properties  of  the  chain.  The  application  of  CTS  and  its  derivatives  to  nonviral 
gene  delivery  has  been  described  in  many  papers,  and  Gerrit  gives  an  overview  of 
transfection  studies  that  have  been  performed  recently  using  CTS  as  transfection 
agent  [125].  Many  researchers  have  also  attempted  to  modify  the  properties  of  CTS. 
The  novel  properties  of  CTS  make  it  a  versatile  biomaterial  for  cell  therapy,  tissue 
engineering,  and  gene  therapy.  It  is  believed  that  these  diverse  approaches  for 
regenerative  medicine  will  produce  materials  with  the  required  properties  for  the 
future  [126].  For  biomedical  applications,  CTS  hydrogels  and  networks  (for 
instance,  interpenetrating  polymer  networks)  formed  by  aggregation  or  complexa- 
tion  have  been  developed  [127].  CTS-based  products  have  also  been  used  for  the 
delivery  of  chemotherapeutics  such  as  antibiotics,  antiparasitics,  anesthetics, 
painkillers,  and  growth  promotants  to  mucosal  epithelium  for  absorption  for  local 
or  systemic  activity  [128]. 

CTS-derived  products  have  found  wide  application  in  cosmetic  formulations  and 
these  products  are  highly  commercialized.  Interesting  characteristics  that  render 
CTS  suitable  for  biomedical  applications  are  a  minimal  foreign  body  reaction,  an 
intrinsic  antibacterial  nature,  and  the  ability  to  be  molded  into  various  geometries 
and  forms  such  as  porous  structures  that  are  suitable  for  cell  ingrowth  and 
osteoconduction.  Due  to  its  favorable  gelling  properties,  CTS  can  deliver  morpho- 
genic  factors  and  pharmaceutical  agents  in  a  controlled  fashion.  Its  cationic  nature 
allows  it  to  form  a  complex  with  DNA  molecules,  making  it  an  ideal  candidate  for 
gene  delivery  strategies  [118,  129-131].  Covalent  crosslinking  of  CTS  leads  to  the 
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formation  of  hydrogels  with  a  permanent  network  structure  because  irreversible 
chemical  links  are  formed.  This  type  of  linkage  allows  absorption  of  water  and/or 
bioactive  compounds  without  dissolution,  and  permits  drug  release  by  diffusion 
under  pH-controlled  conditions.  Ionic  crosslinked  CTS  hydrogels  exhibit  a  higher 
swelling  sensitivity  to  pH  changes  than  covalently  crosslinked  CTS  hydrogels.  This 
fact  extends  the  potential  application  of  ionic  crosslinked  CTS  since  dissolution  can 
occur  in  extreme  acidic  or  basic  pH  conditions  [132]. 

Wan  et  al.  [116]  have  investigated  the  interactions  of  chitin  with  calcium  species. 
The  strategy  for  the  dispersion  of  HAp  in  chitin  to  produce  intimately  blended 
materials  has  also  been  reported.  Preliminary  mechanical  tests  revealed  a  reduction 
in  strength  for  the  more  highly  filled  composites,  but  retention  of  the  plastic 
properties  of  the  polymer  was  observed  that  might  be  favorable  for  bone- substitute 
applications  [133].  Chitin/HAp  composites  with  25,  50,  and  75%  (w/w)  of  HAp 
fractions  have  also  been  investigated  by  Ge  et  al.  [134]  and  processed  into  air-  and 
freeze-dried  materials.  The  cell  culture  study  and  implantation  into  the  intramus- 
culature  of  a  rat  model  revealed  that  these  materials  are  non-cytotoxic  and  degrad- 
able  in  in  vivo  systems.  The  presence  of  the  HAp  filler  enhanced  calcification  as  well 
as  accelerated  degradation  of  the  chitin  matrix.  CTS/HAp  composites  with  various 
ratios  were  obtained  by  Yamaguchi  and  coworkers  [74]  using  the  co-precipitation 
method.  In  these  composite  materials,  calcium  phosphate  formed  crystalline  HAp  in 
an  acetic  acid-lactic  acid  solvent  system  for  CTS.  The  amorphous  calcium  phos- 
phate was  formed  in  organic  acids  containing  more  than  two  carboxyl  groups,  which 
resulted  in  aggregations  (length  230  nm)  of  HAp  nanocrystals  aligned  along  the 
CTS  molecules.  This  is  possibly  due  to  the  fact  that  the  calcium  of  HAp  nanocrystals 
formed  a  complex  with  the  amino  groups  in  CTS.  The  composites  were  found  to  be 
mechanically  flexible  and  could  easily  be  formed  into  any  desired  shape.  The 
mechanical  strength  could  be  enhanced  by  heat  treatment  in  a  saturated  steam, 
and  this  effect  was  ascribed  to  the  formation  of  hydrogen  bonds  between  CTS 
macromolecules.  Biodegradable  CTS/Gel/HAp  composites  were  prepared  as  3D 
biomimetic  scaffolds  using  phase  separation  by  Zhao  et  al.  [135]  and  obtained 
similar  compositions  to  that  of  normal  human  bone.  The  pore  size  distribution  and 
density  of  these  composite  materials  was  controlled  by  changing  the  content  and  the 
composition  of  the  variables.  Histological  and  immunohistochemical  staining  and 
SEM  observations  indicated  that  the  osteoblasts  attached  to  and  proliferated  on  the 
scaffolds.  The  presence  of  HAp  in  the  CTS/Gel  composite  also  promoted  initial 
adhesion  of  human  mesenchymal  stem  cells  (hMSC)  and  supported  long-term 
growth  in  3D  porous  CTS/Gel/HAp  scaffolds  [136]. 

A  series  of  CTS/Gel/nanoHAp  composites  have  been  fabricated  by  Li  et  al. 
[137]  by  depositing  nanoHAp  on  the  surface  of  CTS/Gel  network  films.  The 
amount  of  polymers  in  the  CTS/Gel  networks  greatly  influenced  nucleation  and 
the  development  of  the  nanoHAp  crystalline  phase.  Organic  functionalities  such  as 
-COOH,  =C=0,  or  -NH2  groups  can  be  active  sites  for  the  coordination  of  calcium 
ions,  leading  to  the  formation  of  complexes  that  initiate  and  control  formation  of 
nanoHAp  nuclei.  Therefore,  the  size  of  nanoHAp  can  be  controlled  by  changing  the 
ratio  of  CTS  and  Gel  to  imitate  the  structure  of  natural  bone. 
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Zhang  et  al.  [138]  fabricated  CTS/HAp  composites  by  a  co-precipitation  method 
and  obtained  excellent  miscibility  with  no  phase  separation  between  CTS  and 
nanoHAp  in  the  composite.  This  could  be  due  to  strong  specific  interactions 
between  the  components,  which  endows  these  composites  with  good  mechanical 
strength.  The  maximum  compressive  strength  was  about  120  MPa  for  the 
30/70  wt%  CTS/nanoHAp  composite.  In  vitro  tests  showed  that  degradation  of 
CTS  in  this  composite  takes  place  and  that  a  layer  of  bone-like  apatite  forms  on  the 
surface  of  the  composite,  which  is  a  sign  of  its  high  bioactivity. 

The  mechanical  resistance  of  CTS-based  composites  with  HAp  was  addressed 
by  Hu  et  al.  [139].  Investigators  reported  CTS/HAp  multilayer  nanocomposites 
with  high  strength  and  bending  modulus,  rendering  the  materials  suitable  for 
possible  application  in  internal  fixation  of  long  bone  fractures. 

A  wet-chemical  method  for  production  of  CTS/HAp  nanocrystal  composites  at 
low  temperature  has  been  demonstrated  by  Murungan  and  coworkers  [140]. 
Limitations  associated  with  nanoHAp,  such  as  bioresorption  and  particle  migration, 
can  be  alleviated  by  this  approach.  The  rate  of  bioresorption  of  nanoHAp  was 
improved  by  the  addition  of  CTS,  and  the  viscoelastic  nature  of  the  composites 
prevented  the  migration  of  particulate  matter  into  the  surrounding  tissue  upon  post- 
implantation.  In  addition  to  these,  the  smoothness  of  the  composites  prevents  the 
soft  tissues  around  the  implant  from  damage. 

Injectable  bone  substitute  material  consisting  of  CTS,  citric  acid,  and  glucose 
solution  as  the  liquid  phase,  and  tricalcium  phosphate  powder  as  the  solid  phase, 
was  developed  by  Liu  and  coworkers  [141].  Four  types  of  cements  have  been  used 
to  investigate  the  mechanical  properties  and  in  vitro  biocompatibility  of  the  mate- 
rial. In  the  presence  of  citric  acid,  tricalcium  phosphate  partially  transformed  into 
HAp  and  dicalcium  phosphate. 

Kong  et  al.  [142]  have  investigated  CTS/nanoHAp  scaffolds  for  bone  tissue 
regeneration.  The  bioactivity  of  the  composite  scaffolds  has  was  examined  by  the 
incubation  of  apatite  formed  on  the  scaffolds  in  simulated  body  fluid  (SBF), 
followed  by  study  of  the  activity  of  preosteoblasts  cultured  on  them.  After  incuba- 
tion in  SBF,  carbonated  HAp  was  formed  on  both  CTS  and  CTS/nanoHAp 
scaffolds.  Furthermore,  with  increasing  nanoHAp  content  in  the  composite,  the 
quantity  of  apatite  formed  on  the  scaffolds  increased.  Here,  CTS/nanoHAp 
scaffolds  formed  more  than  the  pure  CTS  scaffolds  during  the  bimimetic  process. 
Thus,  the  cells  proliferated  better  on  apatite-coated  scaffolds  than  only  on  CTS 
scaffolds. 

CTS/nanoHAp  microsphere-based  scaffolds  were  produced  by  Chesnutt  et  al. 
[143]  using  a  co-precipitation  method.  The  surface  area  and  surface  roughness  of 
composite  scaffolds  were  significantly  greater  than  that  of  CTS  scaffolds.  Interest- 
ingly, composite  scaffolds  swelled  marginally  compared  to  CTS  scaffolds,  where 
significant  swelling  was  observed,  and  were  thus  expected  to  maintain  their  shape 
intact  in  vivo.  The  compressive  modulus  of  composite  scaffolds  was  higher  than  the 
modulus  of  CTS  scaffolds,  and  both  were  higher  than  previous  CTS  scaffolds 
fabricated  by  other  techniques.  Osteoblast  proliferation  was  also  significantly 
increased  on  composite  scaffolds  compared  to  CTS  scaffolds.  Recently,  Kim  et  al. 
[144]  obtained  a  highly  flexible  HAp/CTS  composite  film  using  homogeneously 
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dispersed  solutions  of  microscaled  HAp  powder  and  CTS  at  various  concentrations. 
These  films  can  contain  up  to  70%  HAp  without  microcracks,  phase  separation,  or 
brittleness.  The  HAp  powders  were  well  dispersed  in  the  film  without  clustering  or 
aggregation.  These  observations  were  explained  by  the  presence  of  CTS,  which 
retains  the  physico-mechanical  properties  of  the  film  and  captures  the  HAp  powders 
in  the  matrix.  It  is  anticipated  that  these  films  will  be  potentially  useful  for  the  direct 
or  indirect  delivery  of  HAp  materials  in  localized  areas  of  osteoporosis  via  a  patch  on 
skin  or  bone.  Hybrid  CTS/HAp  composite  materials  were  also  developed  by  Araujo 
et  al.  [145].  The  effects  of  the  concentration  of  a  crosslinking  agent  (genipin), 
concentration  of  lactic  acid,  and  presence  of  HAp  powder  on  the  evolution  of 
rheological  properties  have  been  studied.  It  was  found  that  the  concentration  of 
lactic  acid  has  a  marginal  influence  on  the  rheological  properties,  affecting  mostly 
the  final  microstructure.  The  pore  size  of  composites  decreases  with  increasing 
concentration  of  lactic  acid.  The  microstructure  of  CTS  scaffolds  generally  consists 
of  large  and  interconnected  pores,  the  size  of  which  also  tends  to  decrease  with 
increasing  amounts  of  genipin.  Moreover,  the  CTS  and  CTS/HAp  scaffolds 
exhibited  an  excellent  bioactivity  in  vitro  in  the  presence  of  SBF,  showing  the 
formation  of  an  apatitic  layer,  even  in  the  early  stages  of  immersion. 


7  Conclusions 


Nature  has  set  a  high  standard  for  the  scientists  and  engineers  who  design  bone 
grafts  to  assist  in  the  repair  or  regeneration  of  the  functions  of  defective  bone  tissues 
into  normal  healthy  tissues.  In  this  regard,  the  most  preferable  goal  is  to  design  and 
produce  bone  grafts  that  mimic  all  the  functional  physical,  mechanical,  chemical, 
and  biological  properties  of  natural  bone.  In  this  chapter,  a  detailed  account  of  the 
structure  of  natural  bone  and  the  different  types  of  bone  grafting  strategies  are 
described.  Recently,  polymer/HAp-based  nanocomposite  materials  have  received 
much  attention  in  biomimetic  bone  grafting  because  the  interfacial  adhesion 
between  organic  polymers  and  inorganic  nanoHAp  is  good  and  also  the  dispersion 
of  HAp  is  uniform  at  the  nanolevel.  NanoHAp  also  provides  a  large  surface  area  and 
surface  reactivity  and  thus  the  composites  are  compositionally  and  structurally 
similar  to  host  bone  and  able  to  promote  bone-related  cellular  functions  exten- 
sively. A  number  of  methods  have  been  reported  and  presented  in  this  chapter  for 
bone  grafting  using  nanoHAp  organic  polymers.  Among  several  organic  polymers, 
the  use  of  nonbiodegradable  and  biodegradable  CTS/nanoHAp  has  been  described 
in  detail.  However,  no  synthetic  graft  is  yet  able  to  match  the  performance  of 
natural  bone  tissue,  even  with  the  advances  in  science  and  technology.  It  is  believed 
that  a  combination  of  osteoconductive  matrix  with  osteogenic  cells  and 
osteoinductive  growth  factors  creates  an  ideal  bone  graft.  However,  the  design  of 
bone  grafts  is  still  at  the  laboratory  research  level,  and  thus  development  of 
novel  bone  grafting  techniques  is  highly  desirable  and  is  a  big  task  for  scientists. 
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Considering  the  advancements  in  nanotechnology  and  tissue  engineering  in  recent 
years,  there  is  a  bright  chance  in  the  near  future  to  formulate  nanocomposite-based 
bone  grafting  methods  to  replace  autogenic  bone  grafts. 
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Biodegradable  Polymers  for  Potential  Delivery 
Systems  for  Therapeutics 

Sanjeev  K.  Pandey,  Chandana  Haldar,  Dinesh  K.  Patel,  and  Pralay  Maiti 


Abstract  Biodegradable  polymers  are  being  extensively  used  with  great  interest 
in  areas  of  nanobiotechnology  such  as  drug  delivery,  diagnostics,  and  other 
applications  for  clinical  and  biomedical  research  covering  cardiovascular 
diseases,  diabetes,  osteogenesis,  cancer,  and  tissue  engineering.  Various  biodegrad- 
able polymers  such  as  poly  (lactic  acid),  poly(lactic-co-glycolic  acid),  poly 
(e-caprolactone),  chitosan,  gelatin,  and  poly  (alky  1  cyanoacrylates)  have  been  exten- 
sively utilized  as  polymeric  materials  and  devices  for  targeted  cellular  and  tissue- 
specific  clinical  applications  to  achieve  maximal  therapeutic  efficacy  with  minimal 
or  no  side  effects.  Recently,  polymeric  nanoparticles  have  revolutionized  the  area 
of  nanobiotechnology  by  creating  new  opportunities  for  advancing  medical  science 
and  disease  treatment.  Polymeric  nanoparticles  have  the  potential  to  act  as  a  carrier 
of  drugs  and  active  constituents  to  targeted  sites,  protecting  them  from  the  environ- 
ment and  controlling  their  release  rates,  thereby  enhancing  their  biological  activity 
and  decreasing  the  adverse  side  effects.  This  article  compiles  updated  information 
regarding  various  biodegradable  polymers,  methods  of  preparation  of  biodegrad- 
able polymeric  nanoparticles,  and  their  application  in  therapeutic  and  diagnostic 
strategies  for  various  diseases.  This  article  will  support  research  scientists  and 
clinical  physicians  who  are  interested  in  the  development  and  application  of 
biodegradable  polymeric  nanoparticles  as  potential  delivery  systems  for 
therapeutics. 
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1  Introduction 

Biodegradable  polymers  have  been  considered  with  great  interest  as  polymeric 
materials  and  devices  for  an  enormous  number  of  biomedical  applications  due  to 
their  biocompatibility  with  tissue  and  cells  together  with  minimal  side  effects. 
Synthetic  as  well  as  natural  polymers  have  been  extensively  used  as  biodegradable 
polymeric  biomaterials.  Polymeric  materials  are  degraded  through  hydrolytic  or 
enzymatic  cleavage  of  sensitive  bonds  present  in  the  polymer  [1].  During  the  past 
two  decades,  development  of  biodegradable  polymeric  materials  has  been  achieved 
especially  for  biomedical  applications.  Biodegradable  polymeric  biomaterials  are 
preferred  for  therapeutic  devices  such  as  scaffolds  for  tissue  engineering  and 
vehicles  for  controlled  release  of  drugs.  A  considerable  amount  of  work  has  been 
carried  out  on  drug  delivery  using  biodegradable  polymeric  materials.  Various 
natural  and  synthetic  biodegradable  polymers  have  been  employed  for  sustained 
release  of  drugs.  Natural  biodegradable  polymers  and  proteins  like  bovine  serum 
albumin  (BSA),  human  serum  albumin  (HSA),  collagen,  gelatin,  and  hemoglobin 
have  also  been  used  for  drug  delivery,  but  the  use  of  natural  polymers  is  much  lower 
due  to  their  high  cost  of  processing  and  tedious  purification  [2].  Synthetic  biode- 
gradable polymers  have  been  used  progressively  in  last  two  decades  to  deliver 
drugs,  proteins,  and  bioactive  molecules  by  using  various  devices  like 
microspheres,  microcapsules,  nanoparticles,  pellets,  implants,  films,  and  scaffolds. 
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Polyamides,  poly(amino  acids),  poly(alkyl  cyanoacrylates),  polyesters, 
polyorthoesters,  polyurethanes,  and  polyacrylamides  have  been  used  to  develop 
various  drug-loaded  systems.  Among  them,  thermoplastic  aliphatic  polyesters  like 
poly  (lactic  acid)  (PL  A),  poly  (gly  colic  acid)  (PGA),  and  especially  their  copolymer 
poly(lactic-co-glycolic  acid)  (PLGA),  have  generated  great  interest  due  to  their 
excellent  biocompatibility,  bioresorbability,  and  biodegradability  [3,  4].  The  most 
commonly  and  extensively  used  biodegradable  polymers  are  PLA,  PLGA,  poly 
(e-caprolactone)  (PCL),  chitosan,  gelatin,  and  poly(alkyl  cyanoacrylates),  which 
are  usually  polymerized  through  condensation  or  other  conventional  polymeriza- 
tion reactions.  Hydrolytically  degradable  polymers  have  esters,  orthoesters, 
anhydrides,  carbonates,  amides,  urethanes,  ureas,  etc.  in  their  backbone  [5].  Biode- 
gradable polymers  are  chosen  on  the  basis  of  various  characteristics  such  as 
degradability,  solubility,  permeability,  and  mechanical  stability,  which  are  ade- 
quate to  influence  the  manufacturing  and  performance  of  polymeric  devices.  The 
entrapment  efficiency  and  drug  release  from  the  polymeric  devices  are  the  impor- 
tant parameters  for  the  polymers  to  be  used  as  vehicle  [6].  Biodegradable  polymers 
are  also  highly  preferred  for  the  majority  of  biomedical  applications  in  drug 
delivery,  preventive  medicine,  clinical  inspection,  surgical  treatments  of  various 
diseases,  and  tissue  engineering  scaffolds  [7,  8].  The  objective  of  this  article  is  to 
summarize  the  current  status  of  biodegradable  polymers  for  various  biomedical 
applications  including  transient  implants,  drug  delivery  vehicles,  and  tissue  engi- 
neering scaffolds. 


2    Polymer-Based  Nanotechnology 

Nanotechnology  is  a  multidisciplinary  area  of  applied  science  and  technology 
intended  to  create  and  fabricate  devices  or  materials  that  lie  within  the  nanometer 
dimension.  It  has  significant  impact  on  the  development  of  novel  products  at  the 
molecular  or  submicron  level  [9].  The  unique  properties  of  nanomaterials  arise 
from  the  nanoscale  dimensions,  which  provide  them  with  novel  mechanical,  ther- 
mal, and  catalytic  properties  that  are  highly  desirable  for  applications  in  commer- 
cial, medical,  and  environmental  sectors.  The  application  of  nanotechnology  for  the 
prevention  and  treatment  of  diseases  and  for  the  diagnosis,  monitoring,  and  control 
of  biological  systems  is  referred  to  as  nanomedicine.  Recently,  the  main  goal  of 
nanomedicine  is  controlled  delivery  and  targeting  of  pharmaceutical,  therapeutic, 
and  diagnostic  agents  [10]  with  unique  physicochemical  and  biological  properties 
that  might  be  used  to  overcome  the  current  limitations  of  molecular  imaging  and 
gene/drug  delivery  [11, 12].  Significant  efforts  have  already  been  employed  in  three 
main  areas:  (1)  drug  delivery  systems  for  active  molecules,  proteins,  peptides,  and 
genes  for  localized  or  targeted  delivery  to  the  tissue;  (2)  application  of 
nanobiotechnology  to  the  molecular  imaging  and  therapy  of  the  cardiovascular 
system  [8,  13];  and  (3)  targeted  functional  nanoparticles  for  cancer  therapy  and 
diagnosis  [14,  15].  Nanomaterial  devices  used  for  drug  delivery  should  have  certain 
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characteristics  such  as  biocompatibility,  drug  compatibility,  suitable  biodegrada- 
tion  kinetics,  suitable  mechanical  properties,  and  ease  of  processing  [16,  17].  In  the 
last  two  decades,  a  wide  variety  of  synthetic  biodegradable  polymers  have  been 
used  to  create  therapeutic  delivery  devices  for  drugs  and  genes  due  to  their 
biocompatibility  and  biodegradability  [18].  Several  synthetic  biodegradable  and 
biocompatible  polymers  have  been  approved  by  the  US  FDA  for  drug  delivery 
devices.  While  different  aspects  of  polymeric  devices  have  been  reviewed  in  detail 
elsewhere,  this  article  summarizes  the  more  recent  successful  evidence  for  applying 
polymeric  materials  and  tools  to  various  health  complications  like  cardiovascular 
disease,  cancer,  and  immunological  problems. 


3    Biodegradation  in  Polymers 

The  term  'biodegradation'  defines  the  gradual  breakdown  of  a  material  by  certain 
biological  activity  [19].  Biodegradable  polymers  have  the  tendency  to  degrade  into 
smaller  molecules  and  by-products  under  a  controlled  mechanism;  the  degradation 
products  are  then  easily  eliminated  from  the  body  through  metabolic  pathways. 
The  use  of  biodegradable  polymeric  devices  in  drug  delivery  applications  requires 
the  polymer  to  be  able  to  degrade  under  physiological  conditions.  Knowledge  of  the 
degradation  mechanisms,  degradation  kinetics,  evolution  of  mechanical  properties, 
and  identification  of  the  degradation  products  of  biomaterials  are  the  basic 
requirements  in  selecting  and  designing  polymeric  materials  for  specific 
applications.  Depending  on  the  mode  of  degradation,  polymeric  biomaterials  are 
classified  into  hydroly  tic  ally  and  enzymatically  degradable  polymers.  Most  of  the 
naturally  occurring  polymers  undergo  enzymatic  degradation.  Hydrolytically 
degradable  polymers  contain  chemical  bonds  such  as  esters,  orthoesters, 
anhydrides,  carbonates,  amides,  urethanes,  ureas,  etc.  that  are  susceptible  to  hydro- 
lysis [5].  The  following  processes  and  mechanisms  play  an  important  role  in  the 
degradation  of  polymeric  materials. 


3.1  Oxidation 

Polymers  degrade  in  the  body  fluids  and  tissues  by  chemical  and/or  enzymatic 
oxidation.  It  is  well  known  that  during  the  inflammatory  response  to  foreign 
materials,  inflammatory  cells  particularly  leukocytes  and  macrophages  produce 
highly  reactive  oxygen-containing  species  such  as  superoxide  (02~)  hydrogen 
peroxide  (H202),  nitric  oxide  (NO),  and  hypochlorous  acid  (HOC1)  [20,  21].  The 
oxidative  effect  of  these  reactive  oxygen  species  causes  polymer  chain  scission  and 
ultimately  contributes  towards  the  degradation  of  polymeric  materials.  Superoxides 
accelerate  the  degradation  of  aliphatic  polyesters  by  the  cleavage  of  ester  bonds 
through  nucleophilic  attack  of  02~  [22]. 
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Fig.  1  (a)  Degradation  of  PLGA  as  a  function  of  time,  water  uptake,  and  mass  loss  for  PLGA 
samples  showing  percolation  behavior,  (b)  Gel  permeation  chromatography  traces  of  PLGA  at 
different  degradation  times,  exhibiting  lower  molecular  weight  after  longer  degradation  times  [27] 


3.2  Hydrolysis 


Hydrolysis  reactions  are  usually  catalyzed  by  acids,  bases,  salts,  or  enzymes  [19]. 
Polymer  hydrolytic  degradation  is  defined  as  the  breakdown  of  chemical  bonds  of 
the  polymer  backbone  by  the  water  molecules  to  form  oligomers  or  monomers.  After 
implantation,  the  biomaterial  absorbs  water  and  swells  and,  thereby,  degradation 
starts  from  the  exterior  part  of  the  material  toward  its  interior.  The  hydrophilic  and 
hydrophobic  nature  of  polymeric  materials  influences  their  degradation  rate  because 
they  contain  hydrolyzable  bonds  such  as  glycosides,  esters,  orthoesters,  anhydrides, 
carbonates,  amides,  urethanes,  ureas,  etc.  [19,  23].  Hydrolysis  reactions  may  be 
catalyzed  by  enzymes  known  as  hydrolases,  which  include  proteases,  esterases, 
glycosidases,  and  phosphatases.  This  class  of  enzymes  comprises  cell-derived 
proteins  that  play  an  important  role  in  the  degradation  of  biomaterials  by  catalyzing 
the  hydrolysis  [24].  Aliphatic  polyesters  such  as  PLA,  PGA,  and  their  copolymer 
PLGA  are  biodegradable  and  are  successfully  used  in  medical  applications  [25]. 
Degradation  of  PLA,  PGA,  and  PLGA  occurs  in  an  aqueous  environment  through 
simple  hydrolysis  of  ester  bonds  that  are  auto-catalyzed  by  carboxylic  groups.  The 
rate  of  hydrolysis  increases  exponentially  with  degradation  time  [26].  The  initial 
degradation  starts  in  the  hydrated  region  of  the  polymer  through  ester  bond  hydroly- 
sis. The  changes  in  mass  loss,  water  uptake,  and  molecular  weight  of  multilayered 
PLGA  films  after  hydrolytic  degradation  are  been  presented  in  Fig.  la,  b  and  show  a 
threshold  value  of  40  days  for  mass  loss  and  a  gradual  decrease  of  molecular  weight 
(as  demonstrated  by  gel  permeation  chromatography)  [27].  Based  on  the  combined 
effects  of  UV  treatment  and  crystallization,  the  hydrolytic  degradation  rate  of  PLA 
has  been  shown  to  be  higher  for  the  crystallized  films  in  the  early  stage,  whereas  the 
phenomena  reverse  in  the  late  stage  (as  demonstrated  by  monitoring  weight  loss  and 
molecular  weight)  [28].  The  nanoparticle-induced  hydrolytic  degradation  of  PCL  in 
compost  media  is  presented  in  Fig.  2  and  shows  higher  biodegradation  rates  in  the 
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Fig.  2  FE-SEM  images  of  PCL  and  its  indicated  nanocomposites  before  and  after  soil  burial 
(compost).  The  numbers  after  the  specimen  name  represent  the  biodegradation  time  in  days. 
0  indicates  the  sample  before  biodegradation.  Nanoparticles  were  ion-exchanged  with  di-methyl 
di-tallow  ammonium  (MAE),  di-poly  oxy  ethylene  alkyl  methyl  ammonium  (MEE),  and  calcium 
phosphate  hydroxide  [hydroxyapatite  (HA)]  [29] 

presence  of  various  nanoparticles,  as  evident  from  the  relative  erosion  caused  by 
biodegradation  after  soil  burial  and  subsequent  observation  under  SEM  [29].  The 
enzymatic  (P seudomonas  lipase)  degradation  of  PCL  nanocomposites  shows  a 
higher  rate  than  degradation  of  pure  polymer,  demonstrating  the  similar  nature  of 
the  relative  biodegradation  rate  to  that  of  compost.  However,  the  absolute  biodegra- 
dation is  very  high  vis-a-vis  compost  media,  as  shown  both  by  kinetics  as  well  as  by 
the  confocal  images  taken  before  and  after  degradation  (Fig.  3)  [30].  Further, 
nanoparticles  often  show  decreased  and/or  increased  biodegradation  rates  vis-a-vis 
pure  poly (hydroxybutyrate-co- valerate)  (PHBV),  depending  upon  the  nature  of  the 
nanoparticles  or,  more  precisely,  the  chemical  modifications  on  the  surface  of  the 
nanoparticles  (Fig.  4).  The  phenomena  has  been  explained  by  the  different 
depolymerase  activity  of  the  enzyme  in  different  pH  environments  arising  from 
the  presence  of  varying  nanoparticles  (Fig.  5)  [31].  The  biodegradation  of  poly 
(hydroxybutyrate)  (PHB)/layered  silicate  nanocomposites  shows  a  strong 
nucleating  agent  effect  of  the  nanoclay  for  the  crystallization  of  the  matrix  polymer, 
which  also  enhances  the  rate  of  biodegradation.  Biodegradation  in  compost  media 
shows  a  remarkable  enhancement  of  biodegradation  rate  in  the  presence  of  clay 
(Fig.  6)  as  a  result  of  an  alteration  in  crystallinity,  as  evident  from  lower  crystalline 
or  lower  spherulitic  dimensions  in  the  nanocomposites  as  compared  to  pure  polymer, 
resulting  in  faster  biodegradation  [32]. 


4    Polymeric  Nanoparticles 

The  process  of  making  polymer  nanoparticles  has  many  useful  applications.  As 
described  in  the  literature,  nanoparticles  from  PLA  and  PLGA  have  successfully 
been  developed  to  deliver  drugs  like  peptides,  proteins,  and  vaccines  for  prolong 
periods  of  time  at  a  controlled  rate  [33].  For  larger  sized  the  particles,  it  is  difficult 
to  deliver  the  drug  to  targeted  tissues  via  the  systemic  circulation  or  across  the 
mucosal  membrane  [34] .  During  oral  administration,  particles  less  than  500  nm  can 
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Fig.  3  (a)  Percentage  weight  loss  of  PCL  and  its  indicated  nanocomposites  during  enzymatic 
(lipase  from  P seudomonas  sp.,  Type  XIII)  degradation  at  37°C.  (b)  Confocal  images  of  PCL  and 
its  indicated  nanocomposites  before  and  after  enzymatic  degradation.  Nanoclays  were  ion- 
exchanged  with  methyl  tallow  bis-hydroxyethyl  quaternary  ammonium  cation  (30B)  and 
dimethyl-octadecylamine  (CI  8)  [30] 

cross  the  M  cells  in  the  Peyer's  patch  and  the  mesentery  on  the  surface  of  the 
gastrointestinal  mucosa  for  delivering  the  drug  to  the  systemic  circulation  [34]. 
Accordingly,  particles  larger  than  200  nm  can  be  mechanically  filtered  in  the  spleen 
whereas  those  smaller  than  100  nm  leave  the  blood  vessels  through  fenestrations  in 
the  endothelial  lining.  Therefore,  nanoparticles  with  relatively  small  size  (in  the 
range  of  100-200  nm)  are  desirable  for  delivery  of  drugs  to  tumors  [35,  36]. 

Nanoparticles  can  be  prepared  by  the  same  methods  as  those  described  for 
microparticles,  but  by  using  a  comparatively  small  ratio  of  dispersed  phase: 
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Fig.  4  Percentage  weight 
loss  of  PHBV  and  its 
indicated  nanohybrids  during 
biodegradation  in  enzyme 
extracted  from 
P seudomonase  stutzeri  at 
37°C.  Nanoclays  were  ion- 
exchanged  with  methyl  tallow 
bis-hydroxyethyl  quaternary 
ammonium  cation  (30B)  and 
di-methyl  dihydrogenated 
tallow  ammonium  cation 
{15 A)  [31] 


C/5 
CO 


Fig.  5  Effect  of  pH  on  P seudomonase  stutzeri  PHB V-depolymerase  activity.  The  inset  shows  the 
optical  density  of  PHBV  suspension  of  varying  pH  as  a  function  of  time  (in  hours).  The 
depolymerase  activity  was  calculated  from  the  initial  slope  of  the  curves  [31] 


dispersion  medium  and  with  substantially  higher  stirring  conditions  [37].  PLGA 
nanoparticles  have  been  developed  by  using  organic/water  emulsification/solvent 
evaporation  techniques  to  produce  nanoparticles  having  a  size  of  150  nm  and  drug 
loading  of  15.5%  (w/w)  [38].  Several  groups  have  applied  different  process 
variables  to  get  appropriate  nanoparticles  based  on  their  size  and  encapsulation 
efficiency.  The  nanoparticles  were  also  prepared  by  using  the  oil-water  (o/w) 
emulsification  technique  to  determine  the  effect  of  some  variables  on  the  size 
distribution  of  PLGA  nanoparticles  [39] .  The  homogenization  pressure  and  PLGA 
concentration  have  a  linear  and  predictable  effect  on  both  size  and  polydispersity  of 
the  particles.  The  concentrations  of  T ween  80  and  dichloromethane  (DCM)  (organic 
phase)  had  a  large  effect  on  the  diameter  and  polydispersity.  Magnetite-containing 
PLA/PLGA  nanoparticles  were  prepared  by  high-pressure  homogenization  of  the 
constituents  in  aqueous  poloxamer-188  solutions  [40].  Magnesium  salts  containing 
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Fig.  6  Polarizing  optical  images  of  PHB  and  PHBCN2  (2  wt%  nanoclay)  before  and  after  6  weeks 
of  biodegradation.  The  samples  were  crystallized  at  100°C  prior  to  composting  to  generate 
different  spherulite  microstructures  [32] 

PLA  nanoparticles  have  been  prepared  by  a  reversible  salting-out  process  using  a 
cross-flow  filtration  technique  by  which  90%  drug  entrapment  was  achieved  [41]. 
Niwa  et  al.  prepared  nanoparticles  for  indomethacin  (a  water-insoluble  drug)  and 
5-fuorouracil  (a  water-soluble  drug)  by  a  novel  spontaneous  emulsification/solvent 
diffusion  method  [42].  The  drug  and  PLGA  were  dissolved  in  acetone-DCM 
mixture  and  subsequently  emulsified  in  an  aqueous  PVA  solution  using  a  high- 
speed homogenizer  (o/w  emulsification).  The  rapid  diffusion  of  acetone  in  the 
aqueous  phase  resulted  in  faster  deposition  and  development  of  polymeric 
nanoparticles  of  size  less  than  500  nm.  The  preparation  of  PLGA  particles  may 
also  be  based  on  double  coacervation  of  PVA  and  PLGA,  whereby  PLGA  was  first 
dissolved  in  a  mixture  of  acetone  and  DCM,  ethanol,  or  methanol  and  then  dispersed 
in  aqueous  PVA  solution  with  stirring  [43].  The  dispersed  solution  was  freeze-dried 
to  obtain  powder  having  size  of  approximately  300  nm.  The  coacervated  PVA 
molecules  help  prevent  the  aggregation  of  PLGA  nanoparticles  due  to  steric  hin- 
drance. A  dual-capillary  electrospray  system  was  developed  to  synthesize 
budesonide-loaded  PLGA  particles  with  varying  sizes  by  using  different 
concentrations  of  PLGA  (Fig.  7).  Budesonide  is  a  lipophilic,  glucocorticoid  steroid 
for  the  treatment  of  asthma  and  non-infectious  rhinitis.  It  has  also  been  studied  in  the 
chemoprevention  of  lung  cancer  [44].  Electrospray  operating  in  the  cone -jet  mode 
generally  produces  monodisperse  particles  in  sizes  ranging  from  nanometers  to 
micrometers.  The  investigated  dual-capillary  electrospray  system  demonstrated 
the  production  of  uniform  PLGA-coated  particles  in  one  step  without  any  later 
separation  or  purification  steps  [45].  Evaluation  of  in  vitro  and  in  vivo  anticancer 
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Fig.  7  SEM  images  of  budesonide-loaded  PLGA  particles  of  varying  sizes  produced  by  tuning  the 
concentration  and  conductivity  of  PLGA  solutions:  (a)  5  wt%  (1,200  nm),  (b)  3  wt%  (800  nm), 
(c)  0.5  wt%  (400  nm),  (d)  0.2  wt%  (289  nm),  and  (e)  0.5  wt%  (with  10  mM  KC1,  165  nm)  [45] 


2.0  jim 

Fig.  8  AFM  image  of  doxorubicin-loaded  PLGA  nanoparticles  [46] 

efficacy  of  orally  administered  doxorubicin-loaded  PLGA  nanoparticles  (Dox-NPs) 
has  been  performed  in  breast  cancer  induced  in  an  animal  model.  Dox-NPs  were 
prepared  with  an  entrapment  efficiency  and  particle  size  of  55%  and  160  nm, 
respectively  (Fig.  8)  [46].  Fagui  and  Amiel  studied  the  preparation  and 
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Fig.  9  SEM  images  of  a-tocopherol-loaded  PCL  nanoparticles  [48] 

physicochemical  properties  of  benzophenone  (hydrophobic)-loaded  PLA 
nanoparticles  in  the  range  of  150  nm.  Elucidation  of  its  release  mechanisms  revealed 
the  retention  of  nanoparticle  integrity  during  the  process  and  the  dilution-induced 
total  release  of  encapsulated  benzophenone  with  slow  kinetics  [47].  The  preparation 
of  a-tocopherol-loaded  PCL  nanoparticles  has  been  achieved  using  o/w  emulsion 
solvent  evaporation  and  ultrasonification  (Fig.  9).  Investigations  showed  the  signifi- 
cant effect  of  PCL  concentration,  solvent  in  the  oil  phase,  and  ultrasonification  time 
on  the  encapsulation  efficiency.  In  contrast,  solvent  in  the  oil  phase  and  ultrasoni- 
fication time  did  not  much  affect  oc-tocopherol  loading,  and  PCL  concentration  did 
not  affect  particle  size  [48].  A  nanoformulation  of  curcumin,  (a  low  molecular 
weight  hydrophobic  drug)  loaded  in  dextran  sulfate-chitosan  nanoparticles  has 
been  developed  and  characterized  by  dynamic  light  scattering  (DLS),  scanning 
electron  microscopy  (SEM),  atomic  force  microscopy  (AFM),  Fourier  transform 
infrared  spectroscopy  (FT-IR),  X-ray  diffraction  (XRD)  and  differential  thermal 
analysis  (DTA).  The  nanoparticles  showed  an  average  size  of  200-220  nm  with  a 
zeta  potential  value  of  —30  mV  and  -74%  drug  entrapment  efficiency  (Fig.  10)  [49]. 


5    Preparation  of  Polymeric  Nanoparticles 

Several  techniques  have  been  developed  and  reported  for  the  preparation 
of  polymeric  nanoparticles.  The  selection  of  the  technique  depends  on  the  nature 
of  the  polymer,  drug  to  be  incorporated,  proposed  applications,  and  the  duration  of 
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Fig.  10  (a)  Size  distribution  of  curcumin-loaded  dextran  sulfate-chitosan  nanoparticles,  as 
measured  using  dynamic  light  scattering,  (b)  AFM  image  of  curcumin-loaded  dextran 
sulfate-chitosan  nanoparticles.  (c,  d)  SEM  images  of  curcumin-loaded  dextran  sulfate-chitosan 
nanoparticles  at  different  magnifications  [49] 


the  therapy  [2,  3].  During  the  process  of  preparing  nanoparticles,  the  stability  and 
biological  activity  of  the  drug  should  be  maintained  during  entrapment.  Further, 
the  nanoparticles  should  have  the  required  size  range  without  any  aggregation 
or  adherence,  with  high  entrapment  efficiency.  Polymeric  nanoparticles  can  be 
conveniently  prepared  either  from  preformed  polymers  or  by  direct  polymerization 
of  monomers  using  classical  polymerization  [50,  51].  Various  methods  such  as 
solvent  evaporation,  salting-out,  dialysis,  and  supercritical  fluid  technology  are 
being  utilized  for  the  preparation  of  polymeric  nanoparticles.  Polymeric 
nanoparticles  can  also  be  synthesized  by  the  polymerization  of  monomers  using 
various  techniques  such  as  microemulsion,  miniemulsion,  surfactant-free  emul- 
sion, and  interfacial  polymerization.  Selection  of  preparation  method  is  made  on 
the  basis  of  a  number  of  factors  such  as  the  type  of  polymer,  site  of  application, 
size  requirement,  etc.  A  polymeric  system  that  is  developed  for  biomedical 
or  environmental  application  should  be  completely  free  from  additives,  reactants 
such  as  surfactants,  and  traces  of  organic  solvents,  etc.  Some  commonly  used 
methods  for  the  preparation  of  polymeric  nanoparticles  are  given  below,  together 
with  a  flow  diagram  to  provide  a  general  idea  of  the  preparation  of  nanoparticles 
(Scheme  1). 
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Scheme  1  Method  for  the  synthesis  of  polymeric  nanoparticles 


5.7  Emulsification/ Solvent  Evaporation  Method 

Solvent  evaporation  is  the  most  widely  used  and  accepted  method  for  the  develop- 
ment of  polymeric  nanoparticles  using  a  dispersion  of  preformed  polymers  [50].  In 
this  method,  polymer  solutions  are  prepared  in  solvents  that  boil  at  low 
temperatures,  such  as  dichloromethane,  chloroform,  and  ethyl  acetate,  and  then 
emulsification  is  carried  out  into  an  aqueous  phase  in  the  presence  of  stabilizer.  The 
emulsion  is  converted  into  a  nanoparticle  suspension  on  evaporation  of  the  solvent, 
which  is  allowed  to  diffuse  through  the  continuous  phase  of  the  emulsion  [52] 
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(Scheme  1).  After  evaporation  of  solvent,  the  settled  solidified  nanoparticles  are 
collected  by  ultracentrifugation  and  washed  with  distilled  water  to  remove  additives 
and  remaining  solvent.  PLGA  nanoparticles  were  prepared  with  a  diameter  of 
130  nm  using  this  method  [53].  Nanoparticles  based  on  poly(organophosphazene) 
derivatives  were  developed  with  a  particle  size  of  around  200  nm  using  acetone  and 
poloxamine  908  as  the  solvent  and  stabilizing  agent,  respectively  [54].  PLGA 
nanoparticles  have  been  prepared  with  a  typical  particle  size  of  60-200  nm  by 
employing  dichloromethane  and  acetone  (8:2  v/v)  as  the  solvent  and  PVA  as  the 
stabilizing  agent  [55].  PLGA  nanoparticles  of  about  200  nm  were  developed  by 
using  dichloromethane  1%  (w/v)  as  the  solvent  and  PVA  or  Span  40  as  the 
stabilizing  agent  [56].  Both  the  single-emulsion  and  double-emulsion  methods 
have  been  applied  for  preparation  of  the  nanoparticles  and  the  effect  of  the  emulsion 
method  and  the  experimental  parameters  on  the  particle  size  have  been  studied.  In 
the  case  of  the  single-emulsion  method,  an  increase  in  the  PVA  (stabilizer)  concen- 
tration results  in  a  significant  decrease  in  the  nanoparticle  size,  while  the  homoge- 
nizer  speed,  the  evaporation  rate  and  freeze-drying  only  slightly  influence  the 
particle  size.  In  the  case  of  the  double-emulsion  method,  PVA  concentration  in 
the  internal  aqueous  phase  decreases  the  nanoparticle  size  as  compared  to  the  PVA 
concentration  in  the  external  aqueous  phase.  The  homogenizer  speed  and  freeze- 
drying  only  slightly  influence  the  nanoparticle  size.  The  influence  of  experimental 
parameters  such  as  temperature,  solvent  evaporation  method,  surfactant  concentra- 
tion and  internal  aqueous  phase  volume  and  the  influence  of  the  molecular  mass  of 
the  polymer  on  the  particle  size,  zeta  potential,  residual  surfactant  percentage,  and 
the  polydispersity  index  of  the  PLA  nanoparticles  have  been  reported  using  the 
double-emulsion  method  [57].  Poly(ethylene  glycol)  (PEG)-coated  nanoparticles 
have  been  also  prepared  with  a  mean  diameter  of  about  200  nm  [58].  The  influence 
of  the  sonication  process  has  been  studied  on  the  characteristics  of  PLGA 
nanoparticles  prepared  using  a  water-in-oil/water  solvent  evaporation  method 
[59].  The  effect  of  solvent  was  investigated  using  two  organic  solvents  (methylene 
chloride  and  ethyl  acetate)  as  the  dispersed  phase  to  prepare  nanoparticles  of  PLGA 
and  the  nanoparticles  were  found  to  be  larger  in  methylene  chloride  than  in  ethyl 
acetate  [60]. 


5.2  Salting-Out 

This  process  is  based  on  the  separation  of  a  water-soluble  solvent  from  aqueous 
solution  through  the  salting-out  effect.  Initially,  polymer  and  drug  are  dissolved  in  a 
solvent  such  as  acetone  and  then  the  polymer  solution  is  emulsified  into  an  aqueous 
solution  containing  electrolytes  (such  as  magnesium  chloride,  calcium  chloride  and 
magnesium  acetate),  non-electrolytes  (such  as  sucrose),  and  a  colloidal  stabilizer 
such  as  poly  (vinyl  pyrrolidone)  or  hydroxyethylcellulose.  Finally,  the  oil/water 
emulsion  is  diluted  with  a  sufficient  volume  of  water  to  enhance  the  diffusion  of 
acetone  into  the  aqueous  phase  by  inducing  the  formation  of  nanospheres.  Both  the 
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solvent  and  the  salting-out  agents  are  then  eliminated  by  cross-flow  filtration  [61]. 
Selection  of  the  salting-out  agent  plays  an  important  role  in  the  encapsulation 
efficiency  of  the  drug.  To  overcome  the  harmful  environmental  effects,  a  modified 
version  of  the  emulsion  process  was  evolved  by  linking  it  to  a  salting-out  process 
[62]  to  avoid  surfactants  and  chlorinated  solvents.  An  electrolyte- saturated  or 
nonelectrolyte- saturated  aqueous  solution  containing  PVA  (stabilizer)  was  added 
to  an  acetone  solution  of  the  polymer  under  continuous  stirring.  The  saturated 
aqueous  solution  prevented  the  acetone  from  mixing  with  water  through  the 
salting-out  process  [63].  After  formation  of  an  oil-in-water  emulsion,  water  was 
added  in  an  adequate  amount  to  allow  the  complete  diffusion  of  acetone  into  the 
aqueous  phase,  resulting  in  formation  of  nanospheres.  PLA  nanoparticles  were 
developed  by  adding  an  aqueous  gel  containing  magnesium  acetate  tetrahydrate 
and  PVA  to  an  acetone  solution  of  the  polymer  to  form  a  water-in-oil  emulsion  [41]. 
During  the  mixing  of  water  with  acetone,  a  liquid-liquid  two-phase  system  was 
formed  due  to  the  presence  of  the  salting-out  agent.  An  oil-in-water  emulsion  was 
obtained  on  further  addition  of  the  aqueous  solution  followed  by  the  addition  of 
sufficient  water  to  allow  diffusion  of  acetone  into  the  aqueous  phase,  resulting  in  the 
formation  of  nanoparticles  with  an  average  size  of  295  nm  [41].  Recently,  poly 
(trimethylene  carbonate)  nanoparticles  of  size  183  and  251  nm  were  prepared  by 
single  emulsion  and  salting-out  methods,  respectively  [64]. 


5.3  Nanoprecipitation 

Nanoprecipitation  is  also  called  solvent  displacement  and  is  used  for  the  prepara- 
tion of  polymeric  nanoparticles  [65].  It  is  a  simple,  fast  and  reproducible  method 
that  is  broadly  employed  for  the  development  of  both  nanospheres  and 
nanocapsules.  The  method  is  based  on  the  interfacial  deposition  of  a  polymer 
after  displacement  of  a  semipolar  solvent  from  a  lipophilic  solution  [66] .  Organic 
solvents  such  as  ethanol,  acetone,  hexane,  methylene  chloride,  dioxane,  or  binary 
solvent  blend,  which  are  miscible  in  water  and  easy  to  remove  by  evaporation,  are 
selected  as  solvent  [67].  The  polymers  commonly  used  are  biodegradable 
polyesters,  especially  PCL  [68,  69],  PLA  [70],  and  PLGA  [71,  72].  Polymeric 
nanoparticles  are  prepared  by  slow  addition  of  the  organic  phase  to  the  aqueous 
phase  under  stirring.  In  reverse,  the  addition  of  the  aqueous  phase  to  the  organic 
phase  also  leads  to  the  formation  of  nanoparticles.  The  physicochemical  properties 
of  polymeric  nanoparticles  are  associated  with  conditions  such  as  organic  phase 
injection  rate,  aqueous  phase  agitation  rate,  and  the  organic  phase  to  aqueous  phase 
ratio.  Surfactant  plays  an  important  role  in  the  formation  of  polymeric  nanoparticles 
by  protecting  from  agglomeration  for  nanoprecipitation  [68] . 
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5.4  Dialysis 

Dialysis  provides  an  easy  and  efficient  way  for  the  preparation  of  small,  finely 
distributed  polymeric  nanoparticles  [73,  74].  In  this  process,  polymer  is  dissolved  in 
an  organic  solvent  and  placed  inside  a  dialysis  tube  with  proper  molecular  weight 
cutoff  and  dialysis  performed  against  a  non- solvent  that  is  miscible  with  the 
solvent.  The  displacement  of  the  solvent  inside  the  dialysis  membrane  causes  the 
progressive  aggregation  of  polymer  due  to  a  loss  of  solubility  and  the  construction 
of  a  homogeneous  suspension  of  nanoparticles.  The  mechanism  of  the  dialysis 
process  is  based  on  similar  phenomena  to  that  of  nanoprecipitation  [65]. 


6    Biodegradable  Polymers  and  Their  Applications 

The  most  extensively  used  biodegradable  polymers  are  PGA,  PLA,PLGA,  PCL, 
poly(alkyl  cyanoacrylates),  chitosan,  and  gelatin.  The  therapeutic  applications  and 
preparation  methods  of  these  polymeric  nanoparticles,  with  entrapment  and  release 
of  various  drugs  are  described  below  and  summarized  in  Table  1 . 


6.1    Poly(gly colic  acid) 

PGA  was  the  first  biodegradable  synthetic  semicrystalline  polymer  (glass  transition 
temperature,  Tg  ~40°C;  melting  temperature,  Tm  >200°C)  to  be  considered  for 
biomedical  applications.  PGA  has  been  used  in  bone  internal  fixation  devices  due  to 
its  good  mechanical  properties.  The  good  fiber-forming  ability  and  scaffolding 
ability  of  PGA,  together  with  cell  viability,  were  used  to  develop  resorbable  devices 
and  for  tissue  regeneration  [119].  PGA  is  being  used  as  a  biocompatible  durable 
substitute  and  as  an  excellent  skin-closing  suture  material.  It  also  has  the  ability  to 
help  regenerate  biological  tissue  [120].  However,  PGA  is  hydrolyzed  in  few 
months,  indicating  a  high  degradation  rate.  It  is  broken  down  into  glycine  under 
physiological  conditions,  which  can  be  excreted  from  the  body  or  converted  into 
carbon  dioxide  and  water  via  the  citric  acid  cycle  [121].  Due  to  the  high  rate  of 
degradation  and  low  solubility  of  PGA,  its  biomedical  and  pharmaceutical 
applications  are  limited.  Therefore,  several  copolymers  containing  glycolide  units 
are  being  developed  to  overcome  the  disadvantages  of  pure  PGA. 
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Table  1  Various  biodegradable  polymeric  nanoparticles  used  for  delivery  of  different  drugs 

Method  or  nanoparticle 

Particle  size 

preparation 

Polymer 

Encapsulated  drug 

(nm) 

References 

Solvent  displacement 

PLGA 

Indomethacin 

-168 

[75] 

Doxorubicin 

274 

[76] 

Cyclosporin  A 

-170 

[75] 

Valproic  acid 

-166 

[75] 

Ketoprofen 

-167 

[75] 

Vancomycin 

-187 

[75] 

Insulin 

-105-170 

[75] 

Solvent  evaporation  or  solvent 

PLGA 

Taxol 

-300 

[77] 

extraction 

Emulsification/solvent 

PLGA 

DNA 

-100 

[78] 

evaporation 

Cyclosporin  A 

-300 

[79] 

Dexamethasone 

-230 

[80] 

2-Aminochromone 

-100  ±  39 

[81] 

Thymopentin 

-250 

[82] 

Etanidazole 

90-190 

[83] 

Interfacial  deposition 

PLGA 

Paclitaxel 

<200 

[84] 

Nanoprecipitation 

PLGA 

Taxol 

<190 

[85] 

9-Nitrocamptothecin 

207  ±  26 

[86] 

Solvent  evaporation 

PLA 

Testosterone 

<  1,000 

[87] 

Albumin 

100  or  120 

[88] 

Tetanus  toxoid 

150 

[89] 

Loperamide 

-300 

[90,  91] 

Haloperidol 

275  ±  25 

[92] 

Progesterone 

<335 

[93] 

Zidovudine 

265.8  ±  15.3 

[94] 

Solvent  displacement 

PLA 

Doxorubicin 

270 

[76] 

Taxol 

-260 

[65] 

Dexamethasone 

-300 

[65] 

Vitamin  K 

-270 

[65] 

Emulsion/solvent  diffusion 

PLA 

p-THPP 

125 

[95] 

DNA 

<300 

[96] 

Oridonin 

137.3 

[97] 

Ellagic  acid 

120-290 

[98] 

Double  emulsion  method 

PLA 

Hemoglobin 

100-200 

[99] 

Neurotoxin-I 

192.6  ±  15.2 

[100] 

Emulsion/solvent  diffusion 

PLGA 

p-THPP 

117-118 

[95] 

Doxorubicin 

<  1,000 

[101] 

Estradiol 

116.0-279.3 

[102] 

Docetaxel 

200 

[103] 

Solvent  displacement  technique 

PLGA 

Xanthones 

<300 

[104] 

Docetaxel 

200 

[103] 

Salting-out 

PLA 

Savoxepin 

<  1,000 

[105] 

Interfacial  deposition 

PLA 

Indomethacin 

230 

[65,  106,  107] 

Nebulization  techniques 

PLA 

Insulin 

400-600 

[108] 

(continued) 
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Table  1  (continued) 


Method  of  nanoparticle 

Particle  size 

preparation 

Polymer 

Encapsulated  drug 

(nm) 

References 

Solvent  displacement 

PCL 

Cyclosporin  A 

-100-200 

[109] 

Tamoxifen 

150-250 

[110] 

Saquinavir 

-200 

[HI] 

Nanoprecipitation  method 

PCL 

Docetaxel 

-100  nm 

[112] 

Emulsion  method 

PCL 

Vinblastine 

213-227 

[113] 

De solvation  method 

Gelatin 

Paclitaxel 

600-1,000 

[114] 

Didanosine 

140  ±  19 

[115] 

Solvent  evaporation 

Gelatin 

Chloroquine 

100-300 

[116] 

Phosphate 

Sulfamethaxazole 

100-300 

[117] 

Ionotropic  gelation 

Gelatin 

Insulin 

-750 

[118] 

6.2    Poly  (lactic  acid) 

PLA  is  linear  aliphatic  thermoplastic  polyester  (Tg  ~55°C,  Tm  ~175°C),  which  is 
being  extensively  considered  for  biomedical  applications  due  to  its  biocompatibil- 
ity,  biodegradation,  excellent  thermal  and  mechanical  properties,  and  easy  pro- 
cessability  [122,  123].  PLA  is  easily  metabolized  into  lactic  acid,  a  natural 
component  in  the  body.  Lactic  acid  is  a  chiral  molecule  and  exists  in  two 
stereoisomeric  forms  (d-  and  L-lactide)  [2].  l-PLA  exists  in  semicrystalline  form 
due  to  high  regioregularity,  whereas  d,l-PLA  is  an  amorphous  polymer  with 
varying  D-content  because  of  irregularities  in  the  polymer  chain  structure  [4]. 
Therefore,  the  use  of  d,l-PLA  is  preferred  over  l-PLA  for  homogeneous  disper- 
sion of  drug  in  the  polymer  matrix  [124].  Savoxepine  is  a  psychotic  drug  that  has 
been  loaded  into  PLA  nanoparticles  with  high  encapsulation  efficiency  (95%), 
which  extended  its  delivery  to  more  than  1  week  [125].  However,  the  semicrys- 
talline l-PLA  is  preferred  for  biomaterial  devices  and  controlled  delivery  systems 
to  help  cure  various  health  dysfunctions.  Progesterone-loaded  PLA  nanoparticles 
have  been  prepared,  with  entrapment  efficiencies  of  around  70%  and  particle  size 
around  260-320  nm,  for  embryogenesis  and  gestation  in  females  [93].  Oridonin- 
loaded  PLA  nanoparticles  have  been  prepared  by  a  modified  spontaneous  emul- 
sion/solvent diffusion  method  [97],  with  entrapment  efficiency  of  around  92%,  for 
the  treatment  of  esophageal  and  hepatic  carcinoma.  Quercitrin-embedded  poly 
(d,  L-lactide)  nanoparticles  have  been  prepared  by  a  solvent  evaporation  method, 
with  encapsulation  efficiency  of  40%  and  nanoparticles  size  around  195  nm,  for 
antimalarial  and  anti -inflammatory  activities  [126].  The  breast  cancer  drug  tamox- 
ifen was  loaded  into  magnetite/poly(L-lactic  acid)  composite  nanoparticles  of 
200  nm  with  encapsulation  efficiency  of  81%  using  a  solvent  evaporation  method 
[127].  On  the  other  hand,  PLA  is  preferred  for  applications  related  to  orthopedic 
surgery  due  to  its  high  mechanical  strength  and  toughness  [128,  129].  PLA 
scaffolds  satisfy  several  requirements  for  use  as  a  suitable  material  for  bone  tissue 
engineering  [130]. 
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6.3  Poly  (lactic  acid-co-gly  colic  acid) 

Polymeric  materials  based  on  PLGA,  a  copolymer  of  lactide  and  glycolide,  are 
widely  used  for  biomedical  and  pharmaceutical  applications.  PLGA  nanoparticles 
have  been  considered  for  sustained  and  targeted  delivery  of  different  compounds, 
including  drugs,  proteins,  bioactive  materials,  and  plasmid  DNA  [131,  132].  PLGA 
is  easily  biodegraded  into  lactic  acid  and  glycolic  acid  in  the  physiological  system  as 
result  of  hydrolysis  of  the  ester  linkages  in  the  presence  of  water;  these  are  then 
excreted  from  the  body  naturally  [133].  The  biodegradation  rate,  crystallinity,  and 
mechanical  properties  of  PLGA  can  be  manipulated  by  controlling  the  unit  ratio  of 
lactide  to  glycolide  and  the  overall  molecular  weight  of  the  copolymer.  Surface 
modifications,  additives,  molecular  weight,  and  processing  conditions  of  PLGA  also 
influence  the  effective  response  to  formulated  nanomedicines  [134].  The  composi- 
tion ratio  affects  the  binding  capability  of  drugs  and  other  active  compounds  with 
PLGA  due  to  physicochemical  properties  [100].  Several  cancer-related  drugs  such 
as  paclitaxel,  doxorubicin,  5-fluorouracil,  9-nitrocamptothecin,  and  cisplatin  have 
been  incorporated  in  PLGA  nanoparticles  and  successfully  delivered  in  vivo  [135]. 
The  surface  charge  of  the  nanoparticles  is  important  for  the  cellular  internalization  of 
nanoparticles,  clustering  in  blood  flow,  adherence,  and  interaction  with  oppositely 
charged  cell  membranes  [136].  Formulations  using  some  additive  to  the  PLGA 
nanoparticles  have  shown  reasonably  good  activity  and  much  faster  administration 
in  comparison  to  traditional  formulations  [84] .  The  incorporation  of  paclitaxel  in  the 
PLGA  nanoparticles  strongly  enhances  its  antitumoral  efficacy  as  compared  to  free 
drug.  The  controlled  delivery  of  cisplatin  in  encapsulated  PLGA-methoxypoly 
(ethylene  glycol)  (mPEG)  nanoparticles  to  tumor  cells  significantly  reduces  drug 
toxicity  and  improves  its  therapeutic  index.  Xanthone,  an  inhibitory  drug  for  cancer 
cell  lines,  has  been  loaded  into  PLGA  nanoparticles  and  shown  to  be  physically 
stable  for  3-4  months  with  sustained  release  of  xanthone  [104].  Rose  Bengal,  which 
is  useful  for  the  treatment  of  melanoma  cancer  cells,  has  been  successfully  entrapped 
into  PLGA  nanoparticles  and  about  50%  of  drug  release  was  measured  within  30  min 
in  serum  [137].  Triptorelin-loaded  PLGA  nanospheres  have  been  prepared  with  an 
encapsulation  efficiency  varying  from  4  to  83%  for  the  treatment  of  sex-hormone- 
dependent  tumors  [138].  High  encapsulation  efficiency  was  explained  by  an  ionic 
interaction  occurring  between  the  peptide  and  the  copolymer.  Dexamethasone, 
which  reduces  the  inflammatory  response  of  the  body,  has  been  incorporated  into 
PLGA  (75:25)  nanoparticles  and  was  completely  released  from  this  formulation 
after  4  h  of  incubation  at  37°C  in  vitro  [80].  Similarly,  insulin-,  haloperidol-,  and 
estradiol-loaded  PLGA  nanoparticles  have  been  prepared  with  high  encapsulation 
efficiency  and  used  for  therapy  of  the  relevant  diseases  [92,  134]. 

6.4  Poly(  e-caprolactone) 

PCL  is  a  semicrystalline  polyester  (Tg  about  —  60° C,  Tm  ~60°C)  that  is  synthesized 
by  ring-opening  polymerization  (ROP)  of  e-caprolactone  and  is  degraded  through 
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hydrolysis  of  its  ester  linkages  at  physiological  conditions.  PCL  has  been  consid- 
ered for  long-term  drug  or  vaccine  delivery  devices.  A  contraceptive  device  known 
as  Capronor,  composed  of  PCL,  has  been  used  for  the  controlled  release  of 
levonorgestrel  [139].  Due  to  the  excellent  biocompatibility  of  both  pure  PCL  and 
its  composites,  it  has  widely  been  used  as  scaffolds  for  tissue  engineering  [140]. 
The  copolymer  of  e-caprolactone  and  glycolide  results  in  less  rigidity  than 
polymers  of  polyglycolide  and  has  been  developed  as  a  drug  delivery  device 
(SynBiosys).  Poly(ethylene  oxide)  (PEO)-modified  PCL  nanoparticles  prepared 
by  a  solvent  displacement  method  were  used  to  embed  tamoxifen  in  polymeric 
nanoparticles,  which  gave  significantly  increased  levels  of  accumulation  of  tamox- 
ifen within  the  tumor  [141].  Taxol-loaded  PEG-PCL  nanospheres  have  been 
reported  as  having  promising  anticancer  activity  [142].  Nanoparticles  prepared  by 
blending  PCL  and  a  polycationic  nonbiodegradable  acrylic  polymer  have  been  used 
as  a  drug  delivery  carrier  for  oral  administration  of  insulin,  with  entrapment 
efficiency  of  around  96%  [143],  confirming  the  mucoadhesive  properties  of 
polycationic  polymers  that  allow  the  intestinal  uptake  of  insulin  [143].  Poly 
(/?-isopropylacrylamide)-Z?-poly(3-caprolactone)  (PNPCL)  block  copolymers  have 
been  used  to  encapsulate  70-90%  of  the  hydrophobic  drug  clonezepam  to  enhance 
the  effect  of  GAB  A  in  brain  [144].  Further,  PCL  nanoparticles  have  been  developed 
in  order  to  study  their  ability  to  improve  the  anti-leishmanial  action  of 
Amphotericin  B  (AmB),  with  concomitant  reduction  in  the  toxicity  associated 
with  it  [145]. 


6.5    Poly(  alky  I  cyanoacrylate ) 

Poly(alkyl  cyanoacrylates)  (PACs)  are  prepared  through  anionic  polymerization  of 
alkyl  cyanoacrylic  monomers  with  a  trace  amount  of  moisture  as  the  initiator.  PAC 
has  been  used  to  prepare  excellent  synthetic  surgical  glue,  skin  adhesive,  and  an 
embolic  material.  PAC  is  one  of  the  fastest  degrading  polymers,  having  degradation 
times  from  a  few  hours  to  a  few  days  depending  on  the  length  of  the  alkyl  side 
groups.  The  lower  alkyl  derivatives  degrade  within  hours  in  an  aqueous  environ- 
ment and  release  toxic  degradation  products  such  as  cyanoacetic  acid  and  formal- 
dehyde. Most  of  the  research  in  this  area  has  therefore  been  concentrated  on  higher 
alkyl  derivatives  such  as  octyl  and  isobutyl  cyanoacrylates.  PAC  nanoparticles  have 
several  advantages  over  other  polymeric  nanoparticles  with  their  easy  preparation, 
high  utility  size  ranges,  absence  of  solvent  residues,  ability  to  form  appropriate 
nanoparticles,  and  ability  to  absorb  or  encapsulate  a  wide  range  of  drug  or  protein 
molecules.  Nanoprecipitation  has  been  adopted  to  prepare  pure  and  drug-loaded 
PAC  nanoparticles  for  the  entrapment  of  highly  sensitive  reactive  drugs  [146,  147]. 
Ampicillin-loaded  poly(isohexyl  cyanoacrylate)  (PIHCA)  nanoparticles  have  been 
found  to  increase  the  antibiotic  efficacy  by  120-fold  in  experimental  salmonellosis 
[148].  Other  antibiotics  have  also  been  incorporated  into  various  PAC-based 
nanocarriers  [146,  149].  Ciprofloxacin-loaded  PAC  nanoparticles  have  been 
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developed  that  allowed  pH-controlled  drug  release,  showing  drug-loaded  PAC 
nanoparticles  to  be  as  active  as  the  free  drug  [146].  In  vivo  experiments  with 
mice  have  been  performed  to  demonstrate  the  high  efficiency  of  antibiotic-loaded 
PACA  nanoparticles  for  the  treatment  of  intracellular  infections  [150].  Various 
bioactive  compounds  (e.g.,  cytostatics,  hormones,  peptides,  and  nucleic  acids)  have 
also  been  loaded  into  PAC  nanocarriers.  Although  the  drug-loaded  nanoparticles  do 
not  directly  reach  the  cancer  cells,  the  phagocytes  in  the  organs  where  the 
nanoparticles  become  entrapped  may  serve  as  drug  reservoirs.  In  vivo  studies 
showed  that  PAC  nanocapsules  enhanced  the  accumulation  of  drug  in  the  lymph 
nodes  compared  to  other  carriers  such  as  emulsions  and  liposomes  [151].  Drug- 
loaded  PAC  nanoparticles  have  been  applied  to  the  brain  by  modifying  their  surface 
with  the  surfactant  polysorbate  80  [152,  153].  It  has  been  proposed  that  these 
nanocarriers  adsorb  apolipoproteins  E  from  blood  plasma  and  then  cross  the  brain 
endothelium  via  receptor-mediated  endocytosis  and  transcytosis  through  the  endo- 
thelial cells  [153].  These  routes  play  an  important  role  in  the  treatment  of  brain 
tumors  using  drug-loaded  PAC  nanoparticles.  The  indomethacin  inhibits  the  pro- 
duction of  prostaglandin  in  the  stomach  and  intestines,  which  maintains  the  mucous 
lining  of  the  gastrointestinal  tract.  Indomethacin  has  been  encapsulated  into  poly 
(isobutyl  cyanoacrylate)  (PIBC)  nanoparticles  and  found  to  be  stable  for  up  to 
12  months  [154].  However,  PIBC  nanocapsules  also  showed  an  inhibition  of 
platelet  aggregation  because  of  their  isobutyl  cyanoacrylate  content  [154]. 
Doxorubicin-loaded  poly  (butyl  cyanoacrylate)  (PBC)  nanoparticles  have  also 
been  reported  to  increase  60-fold  in  the  brain  after  being  coated  with  polysorbate 
80  [152]. 


6.6  Chitosan 

Chitosan  is  a  naturally  occurring  biodegradable  cationic  polymer  derived  from 
chitin,  which  is  a  fully  acetylated  polymer  that  is  used  in  many  biomedical 
applications  such  as  wound  dressings  and  drug  delivery  vehicles  [155,  156]. 
Chitosan  is  a  linear  polysaccharide  consisting  of  p-(l-4)-linked  D-glucosamine 
with  randomly  located  N- acetyl  glucosamine  groups,  depending  upon  the  degree 
of  deacetylation  of  the  polymer.  Chitosan  is  degraded  by  a  few  enzymes  (such  as 
chitosanase,  lysozyme,  and  papain)  in  vitro  and  is  degraded  and  hydrolyzed  into 
acetylated  residues  by  lysozyme  in  vivo  [157].  The  rate  of  degradation  of  chitosan 
inversely  depends  on  the  degree  of  acetylation  and  crystallinity  of  the  polymer 
[158].  The  fast  degradation  rate  of  chitosan  has  been  attributed  to  the  deformation 
of  strong  hydrogen  bonds  present  in  chitosan.  Due  to  strong  positive  charges  on 
chitosan,  it  can  strongly  interact  with  the  negatively  charged  mucous  membrane  as 
an  effective  mucoadhesive  [159].  It  can  be  fabricated  into  various  devices  because 
of  its  solubility  in  water  and  can  form  microsphere  and  nanosphere  formulations 
without  using  any  organic  solvents,  thus  maintaining  the  immunogenicity  of  the 
antigens  [160].  Several  chitosan-drug  conjugates  have  also  been  used  for  cancer 
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therapy  due  to  its  high  chemical  reactivity  [161].  Insulin-loaded  chitosan 
nanoparticles  enhanced  intestinal  absorption  of  insulin  in  comparison  to  oral 
administration  of  free  insulin  due  to  the  mucoadhesive  properties  of  chitosan 
[118].  Cyclosporin- A-loaded  chitosan  nanoparticles  can  make  contact  very  well 
with  the  corneal  and  conjunctiva  surfaces,  thereby  increasing  delivery  to  external 
ocular  tissues,  which  helps  to  supply  long-term  drug  levels  at  target  tissues  [162]. 
Chitosan  nanoparticles  have  revealed  an  excellent  capability  for  the  association  of 
ammonium  glycyrrhizinate  [163].  Addition  of  PEG  results  in  the  reduction  of 
encapsulation  efficiency  and  also  reduces  the  positive  charge,  which  has  been 
achieved  by  co-synthesis  of  chitosan  polymer  along  with  tripolyphosphate  anions 
(TPP)  and  PEG  using  ionic  gelation  methods.  Release  of  ammonium  glycyrrizinate 
from  chitosan  nanoparticles  follows  a  slow  and  continuous  release  profile,  which 
may  improve  the  oral  absorption  of  ammonium  glycyrrhizinate  [163]. 


6  J  Gelatin 

Gelatin,  a  natural  polymer  derived  from  collagen,  is  commonly  used  for  pharma- 
ceutical and  biomedical  applications  due  to  its  biodegradability  [164,  165]  and 
biocompatibility  in  physiological  environments  [166].  It  is  also  used  in  food  and 
medical  products  and  is  attractive  for  controlled  release  due  to  its  nontoxic, 
biodegradable,  and  bioactive  properties.  Gelatin  is  a  poly  ampholyte  having  both 
cationic  and  anionic  groups  along  with  hydrophilic  groups.  The  mechanical  and 
thermal  properties  and  swelling  behavior  of  gelatin  significantly  depend  on  the 
degree  of  crosslinking.  The  efficiency  of  gelatin  carriers  to  encapsulate  charged 
biomolecules  such  as  proteins  and  plasmid  DNA  occurs  through  polyion  complex- 
ation.  Acidic  gelatin  with  an  isoelectric  point  of  5.0  should  be  used  as  a  carrier  for 
basic  proteins  in  vivo,  whereas  basic  gelatin  with  an  isoelectric  point  of  9.0  should 
be  used  for  the  sustained  release  of  acidic  proteins  under  physiological  conditions 
[167].  Nanoparticles  of  gelatin  and  BSA  can  absorb  51-72%  of  water  and  release 
BSA  from  the  nanoparticulate  matrix  following  a  diffusion-controlled  mechanism 
[168].  Paclitaxel-loaded  gelatin  nanoparticles  have  been  used  against  human  blad- 
der transitional  cancer  cells  [114].  Didanosine  was  localized  to  a  greater  extent  in 
the  spleen  lymph  nodes  and  brain  after  administration  of  mannan-coated  gelatin 
nanoparticles  as  compared  to  its  localization  after  injection  in  PBS  [115].  The  toxic 
effect  of  the  antimalarial  chloroquine  is  reduced  by  encapsulating  it  in  gelatin 
nanoparticles  [116]. 


6.8  Polyurethane 

Polyurethanes  (PUs)  are  synthesized  using  diisocyanate,  polyol,  and  a  chain 
extender.  PUs  consist  of  alternating  hard  and  soft  segments,  which  control  most 
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Fig.  11  (a)  Scanning  micrograph  of  PDI-sucrose  polymer  exhibiting  the  attachment  and  spread- 
ing of  BMSCs  {arrows)  in  vitro  after  10  days  of  culture,  (b)  Light  microscopy  of  PDI-sucrose 
foam  surface  exhibiting  proliferation  of  BMSCs  {red  arrows)  over  a  period  of  14  days.  The  white 
bar  indicates  a  large  pore  into  which  cells  are  infiltrating  [170] 

of  the  physical  properties  including  mechanical  strength  and  biological  activity. 
The  rate  of  degradation  of  PU  depends  on  the  molar  mass,  degree  of  crystallinity, 
the  presence  of  enzymes,  as  well  as  the  pH  of  the  medium.  PEG  is  a  comonomer 
constituent  used  for  the  preparation  of  PUs  with  excellent  properties  such  as 
hydrophilicity,  absence  of  antigenicity,  immunogenicity,  and  nontoxic  degradation 
products.  PUs  are  frequently  used  in  cell  culture,  carrier,  and  biomedical 
applications  due  to  their  biocompatible  and  cytocompatible  nature.  PU  shows  the 
best  biocompatibility,  durability,  and  thrombogenic-resistant  properties  for  use  in 
artificial  heart  valves  [169].  Pentane  diisocyanate  (PDI)-based  PUs  are  also  used  in 
cell  culture  and  drug  delivery.  Culture  of  bone  marrow  stromal  cells  (BMSCs)  on 
the  PU  pores  showed  that  the  BMSCs  are  suitable  for  cell  proliferation  and  retain 
their  morphology  in  a  similar  way  to  cells  grown  on  tissue  culture  polystyrene 
(TCPS)  (Fig.  11)  [170]. 


7    Polymeric  Devices 


Development  of  drug-loaded  devices  using  PLA  and  PLGA  has  been  reported  by 
several  groups  [171,  172].  Nail-like  ganciclovir-incorporated  PLGA  implants  have 
been  prepared  for  intraocular  drug  delivery  to  treat  cytomegalovirus  retinitis  [173]. 
The  development  of  5-fuorouracil-entrapped  PLGA  subconjunctival  coated  and 
uncoated  implants/matrices  using  drug:PLGA  ratios  of  9:1,  8:2,  and  7:3  have 
been  reported  [174].  Lin  et  al.  and  others  have  investigated  the  performance  of 
various  antibiotic-loaded  PLA  and  PLGA  implants,  beads,  and  cylinders  [175, 176]. 
In  vitro  and  in  vivo  performances  of  drug-loaded  rods  of  various  polyesters  have 
also  been  prepared  through  a  melt  extrusion  process  for  drug  release  studies  [177]. 
In  order  to  study  the  effect  of  hydrophilic  excipient  on  the  drug  release  from  a 
hydrophobic  PLGA  (50:50)  film,  Song  et  al.  designed  double-layer  films  (150  um 
thickness)  in  which  the  drug-releasing  layer  consisted  of  drug/hydrophilic  additive/ 
PLGA  (10:10:80  ratio)  and  the  protecting  layer  consisted  of  PLGA  only  [178]. 
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Fig.  12  Praziquantel  particles  and  implants:  (a)  SEM  image  of  praziquantel  particles;  (b)  outward 
appearance  of  the  fabricated  implants,  taken  by  digital  camera;  (c)  SEM  image  of  the  representative 
surface  of  the  implants;  and  (d)  SEM  image  of  the  representative  cross-section  of  the  implants  [180] 


Preparation  of  low  density  PLGA  (85:15)  foams  having  high  interstitial  void 
volume  has  also  been  reported  [179].  A  series  of  praziquantel  (anthelmintic)- 
loaded  implants  (shown  in  Fig.  12)  based  on  PEG/PCL  blends,  fabricated  by  a 
combination  of  twin-screw  and  hot-melt  extrusion,  have  been  reported  for  in  vitro 
drug  release  from  these  implants.  The  performance  of  the  implants  after  implanta- 
tion in  rats  has  been  evaluated  [180].  Pandey  and  Banik  developed  an  aqueous  two- 
phase  system  using  biodegradable  polymers  like  dextran  T500  and  PEG  4000  for 
better  partitioning  and  extractive  fermentation  of  alkaline  phosphatase.  An  aqueous 
two-phase  system,  composed  of  9.0%  (w/v)  PEG  4000  and  9.6%  (w/v)  dextran 
T500,  was  found  to  be  a  suitable  system  for  alkaline  phosphatase  production  on  the 
basis  of  a  greater  partition  coefficient  (k  =  5.23)  than  various  other  aqueous  two- 
phase  systems  [181].  PUs  are  frequently  used  in  cell  culture,  carrier,  and  biomedical 
applications  due  to  their  biocompatible  and  cytocompatible  nature.  Out  of  different 
materials  available  for  heart  valves  like  collagen,  silicon  rubber,  and  polytetra- 
fluoroethylene  (PTFE),  the  PUs  show  the  best  biocompatibility,  durability,  and 
thrombogenic-resistant  properties  (Fig.  13)  [182,  183].  Subdermal  PDI-sucrose 
implants  exhibit  no  sign  of  tissue  necrosis  around  the  implantation  sites;  instead, 
blood  vessels  were  observed  around  the  matrix  indicating  the  biocompatible  nature 
of  PU.  Additionally,  the  PDI-sucrose  matrix  shows  an  extensive  network  of  fine 
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Fig.  13  Macroscopic 
observation  of  a  biovalve. 
Bottom  section  of  the 
boundary  between  the 
polyurethane  scaffold  and  the 
leaflet  tissues.  Scale 
bar:  1  mm  [182] 


Fig.  14  (a)  Gross  examination  of  subdermally  implanted  PDI-sucrose  {white  arrow)  exhibiting 
absence  of  tissue  necrosis,  redness,  and  edema  around  the  polymer  6  weeks  after  implantation. 
Green  arrows  indicate  capillaries  growing  towards  the  polymers.  Confocal  microscopic  examina- 
tion of  vascularization  {white  arrows)  in  the  (b)  superficial  layers  and  (c)  deeper  layers  of 
subdermally  implanted  polymer  after  3  weeks.  The  polymer  is  seen  as  green  because  of 
autofluorescence  and  capillaries  are  stained  red  because  of  the  intravenous  injection  of  0.2  um 
of  fluorospheres  containing  the  fluorescent  red  dye  rhodamine  isothiocyanate  [170] 

capillaries  penetrating  within  the  pores  located  in  the  deeper  layers  of  the  porous 
polymer  (Fig.  14).  Thus,  the  ability  to  permit  vascularization  is  important  for 
biomaterials  that  are  to  be  used  for  tissue  engineering.  There  are  a  few  biodegrad- 
able polymer-based  devices  used  in  animal  and  human  bodies. 


8  Conclusions 

The  main  objective  of  this  article  is  to  summarize  information  about  various 
biodegradable  polymers,  including  preparation  methods  for  their  nanoparticles 
with/without  drugs  or  other  active  biological  molecules  and  their  biomedical 
applications.  Biodegradable  polymers  are  the  most  versatile  and  promising  class 
of  biomaterials  that  can  be  engineered  to  fulfill  specific  requirements  in  biomedical 
and  pharmaceutical  applications  such  as  transient  implants,  sustained  drug  delivery, 
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and  tissue  engineering.  At  present,  several  methods  are  available  for  the  preparation 
of  polymeric  nanoparticles  suitable  for  encapsulation  of  biologically  active 
molecules.  It  is  now  possible  to  select  the  best  method  of  preparation  using  an 
appropriate  polymer  to  achieve  efficient  entrapment  of  the  drug,  depending  on  the 
physicochemical  characteristics  of  drug.  The  selected  method  should  reduce  loss  of 
the  drug  or  its  pharmacological  activity.  Nanoparticle  drug  delivery  systems  have 
advantages  over  conventional  drug  delivery  systems  because  they  can  increase  the 
bioavailability,  solubility,  and  permeability  of  many  potent  drugs.  These 
advantages  include  reduced  dose,  reduced  frequency  of  application,  better  thera- 
peutic control,  and  less  side  effects. 
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Abstract  Cancer  continues  to  be  one  of  the  leading  causes  of  death  worldwide. 
Repeated  treatment  with  chemotherapeutics  has  resulted  in  tumors  that  are  resistant 
to  these  agents.  So,  it  is  becoming  necessary  to  identify  natural  products  that  target 
multiple  signaling  pathways  and  cause  growth  inhibitory  effects  on  human  cancer 
cells  without  resulting  in  toxicity  issues  in  normal  cells.  Curcumin,  epigallocate- 
chingallate  (EGCG;  green  tea  extract),  resveratrol,  saponins,  silymarin,  and  grape 
seed  extract  (GSE)  are  some  of  the  phytochemicals  with  significant  anticancer 
potential  that  we  will  be  focusing  on  in  this  review.  Curcumin,  a  natural  diphenolic 
compound  derived  from  turmeric  Curcuma  longa,  has  proven  to  be  a  modulator 
of  intracellular  signaling  pathways  that  control  cancer  cell  growth,  inflammation, 
invasion  and  apoptosis,  revealing  its  anticancer  potential.  EGCG  and  GSE  are 
two  popular  plant  extracts  that  have  attracted  much  attention  in  recent  years 
due  to  their  antioxidant,  antimicrobial,  anticarcinogenic,  and  anti-inflammatory 
properties.  Saponins  are  a  group  of  naturally  occurring  plant  glycosides,  of  which 
at  least  150  kinds  of  natural  saponins  have  been  found  to  possess  significant 
anticancer  properties.  Silymarin,  a  mixture  of  mainly  three  flavonolignans  (silybin, 
silychristin  and  silydianin),  is  extracted  from  the  milk  thistle  and  possesses  poten- 
tial biological  properties.  Even  though  these  agents  are  potent  anticancer  agents, 
they  are  limited  by  their  solubility,  hydrophobicity,  and  low  bioavailability. 
Polymeric  nanocarriers  provide  an  efficient  platform  for  overcoming  the  factors 
that  limit  application  of  phytochemicals  as  therapeutic  agents.  This  review  focuses 
on  the  development  of  phytochemical-loaded  polymeric  nanoparticles  and  their 
application  as  potential  anticancer  therapeutic  agents. 
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1  Introduction 

Cancer  prevention  is  one  of  the  most  important  priorities  in  public  health.  The 
economic  impact  that  cancer  treatment  has  in  public  health  is  well  known.  As  a  matter 
of  improving  the  quality  of  life  and  to  reduce  costs,  the  real  importance  of  prevention 
is  recognized.  It  is  here  that  the  importance  of  adopting  a  healthy  diet  is  emphasized. 
Natural  products  are  valuable  sources  of  bioactive  compounds.  Researchers  have 
been  putting  efforts  into  evaluation  of  the  chemopreventive  role  of  natural  products 
[1-3].  Studies  have  demonstrated  that  several  vegetables,  fruits  and  herbs  are  sources 
of  potential  molecules  for  treating  several  malignancies.  Thus,  our  diet  has  a  direct 
impact  on  public  health  [4-6].  Chemoprevention,  especially  through  the  use  of 
naturally  occurring  phytochemicals  that  interfere  with  the  process  of  carcinogenesis, 
is  a  promising  approach  for  cancer  management.  The  safe  toxicological  profiles 
associated  with  the  natural  products  suggests  that  specific  concentrations  of 
phytochemicals  from  plant  sources  may  produce  cancer  chemopreventive  effects 
without  causing  significant  levels  of  toxicity.  Thus,  a  diet  rich  in  fruits  and  vegetables 
with  a  high  content  of  phytochemicals  (polyphenols,  tannins  and  anthocyanins)  has 
the  potential  for  chemoprevention  [7,  8]. 
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Fig.  1  Structure  of  different  phytochemicals:  (a)  curcumin,  (b)  EGCG,  (c)  resveratrol, 
(d)  silymarin,  (e)  saponin  and  (f)  GSE 


Several  thousand  polyphenolic  molecules  have  been  identified  in  higher  plants 
and  several  hundred  are  found  in  edible  plants.  The  phytochemicals  are  mainly  plant 
polyphenols  (chemical  substances  characterized  by  more  than  one  phenol  unit  per 
molecule)  composed  of  flavonoids  and  non-flavonoids.  One  or  more  hydroxyl  groups 
binding  to  one  or  more  aromatic  rings  is  the  structural  characteristic  of  these 
polyphenols,  which  are  classified  according  to  the  number  of  phenolic  rings  and 
the  structural  elements  linking  to  these  rings  [9-12].  Flavonoids  share  a  common 
flavan  core  formed  with  15  carbon  atoms,  and  this  class  can  be  divided  into  flavanols 
(e.g.  catechins),  anthocyanidins  (e.g.  cyaniding,  delphinidin),  flavones  (e.g.  apigenin, 
diosmin),  flavanones  (e.g.  naringenin,  hesperitin)  and  chalcones  (e.g.  phloretin). 
The  non-flavonoids  contain  an  aromatic  ring  with  one  or  more  hydroxyl  groups. 
Non-flavonoids  include  stilbene  (e.g.  ^ra/w-resveratrol),  phenolic  acids  (e.g.  caffeic 
acid,  gallic  acid),  saponin  (e.g.  ginsenoside),  and  other  polyphenols  such  as  curcumin 
and  tannins  [13].  Figure  1  shows  the  structure  of  the  different  phytochemicals  with 
potential  therapeutic  effects  that  are  discussed  in  this  review. 
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1.1  Cur  cumin 

Curcumin  (diferuloylmethane  with  molecular  weight  of  368.38  g/mol)  is  a  poly- 
phenol derived  from  the  turmeric  (Curcuma  longa)  plant.  Curcumin  (Fig.  la)  has 
been  used  extensively  in  ayurvedic  medicine  for  centuries  because  it  is  nontoxic 
and  has  a  variety  of  therapeutic  properties,  including  anti-oxidant,  analgesic,  anti- 
inflammatory, antimicrobial,  and  antiseptic  activities.  Curcumin  is  reported  to  act 
on  several  biological  pathways  involved  in  mutagenesis,  oncogene  expression,  cell 
cycle  regulation,  apoptosis,  tumorigenesis,  and  metastasis  and,  hence,  is  a  potential 
anticancer  agent.  Curcumin  has  shown  an  antiproliferative  effect  in  multiple 
cancers,  and  is  an  inhibitor  of  the  transcription  factor  nuclear  factor-K(3  (NF-k(3) 
and  downstream  gene  products  including  c-myc,  Bcl-2,  cyclooxygenase-2  (COX-2), 
inducible  nitric  oxide  synthase  (iNOS),  cyclin  Dl,  tumor  necrosis  factor-oc  (TNF-oc), 
interleukins,  and  matrix  metalloproteins  (e.g.  matrix  metalloproteinase  9,  MMP-9) 
[14-18]. 


12  Epigallocatechin-3-Gallate 

The  habitual  consumption  of  green  tea  (Camellia  sinensis),  a  popular  beverage 
worldwide,  has  been  associated  with  chemopreventive  efficacy.  Green  tea 
contains  high  amounts  of  the  potent  antioxidants  polyphenols,  which  may  reduce 
the  risk  of  many  chronic  diseases  including  cardiovascular  disease  and  cancer 
[19-24].  The  cancer  chemopreventive  effects  of  green  tea  are  reported  to 
be  mediated  by  its  polyphenols,  known  as  catechins.  The  major  catechins  in 
green  tea  are  (— )-epigallocatechin-3-gallate  (EGCG),  (— )-epicatechin-3-gallate, 
(— )-epigallocatechin,  and  (— )-epicatechin.  EGCG  (Fig.  lb)  is  the  major  catechin  in 
green  tea  and  accounts  for  50-80%,  representing  200-300  mg  per  brewed  cup  of 
green  tea  [4].  Green  tea  polyphenols  have  been  shown  to  be  chemopreventive  for 
several  types  of  cancers,  including  those  of  the  liver,  prostate,  stomach  and  breast 
[25-28]. 


1.3  Resveratrol 

Resveratrol  (3,5,4/-trihydroxystilbene:  Ci4H1203,  molecular  weight  228.25  g/mol) 
is  a  non-flavonoid  polyphenolic  compound  abundant  in  grapes,  peanuts,  and  other 
foods  that  are  commonly  consumed  as  part  of  the  human  diet  [29] .  The  compound 
was  first  isolated  from  the  root  of  Polygonum  cuspidatum,  a  plant  used  in  traditional 
Chinese  and  Japanese  medicine  [30].  Resveratrol  (Fig.  lc)  exists  as  two  structural 
isomers:  cis-(Z)  and  trans-(E).  The  trans-homer  is  biologically  more  active  than  the 
ds-isomer,  probably  due  to  its  non-planar  conformation  [31,  32].  Despite  its  poor 
water  solubility,  resveratrol  exhibits  high  membrane  permeability  and  can  be 
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considered  a  class-II  compound  in  the  Biopharmaceutical  Classification  System 
[33].  Resveratrol  has  a  broad  range  of  desirable  biological  actions,  including 
cardioprotection,  cancer  prevention,  and  prolongation  of  lifespan  in  several  species 
[34-37]. 


1.4  Silymarin 

Silymarin  (Fig.  Id)  is  an  active  extract  from  the  seeds  of  the  plant  milk  thistle 
Silybum  marianum  (L.)  Gaertn  (Asterceae),  and  contains  approximately  65-80% 
silymarin  flavonolignans  (silymarin  complex)  with  small  amounts  of  flavonoids  and 
approximately  20-35%  fatty  acids  and  other  polyphenolic  compounds.  The  major 
component  of  the  silymarin  complex  is  silybin.  Silymarin  has  been  used  for  more 
than  2,000  years  as  a  natural  remedy  for  treating  hepatitis  and  cirrhosis  and  to 
protect  the  liver  from  toxic  substances.  Silymarin  acts  by  antioxidative,  antilipid 
peroxidative,  antifibrotic,  anti-inflammatory,  membrane-stabilizing,  immunomod- 
ulatory, and  liver  regenerating  mechanisms  in  experimental  liver  diseases.  Further- 
more, silymarin  has  been  extensively  studied,  both  in  vivo  and  in  vitro,  for  its  cancer 
chemopreventive  potential  against  various  cancers  [38—40]. 


1.5  Saponins 

Saponins  are  a  group  of  naturally  occurring  plant  glycosides,  characterized  by  their 
strong  foam-forming  properties  in  aqueous  solution.  The  presence  of  saponins  has 
been  reported  in  more  than  100  families  of  plants,  out  of  which  at  least  150  kinds  of 
natural  saponins  have  been  found  to  possess  significant  anticancer  properties. 
Saponins  (Fig.  le)  are  a  vast  group  of  glycosides  and  are  widely  distributed  in 
higher  plants.  Their  surface-active  properties  are  what  distinguish  these  compounds 
from  other  glycosides.  They  dissolve  in  water  to  form  colloidal  solutions  that  foam 
upon  shaking.  Saponin-containing  plants  are  sought  after  for  use  in  household 
detergents.  Saponins  have  also  been  sought  after  in  the  pharmaceutical  industry 
because  some  can  form  the  starting  point  for  the  semi- synthesis  of  steroidal  drugs. 
Many  have  pharmacological  properties  and  are  used  in  phytotherapy  and  in  the 
cosmetic  industry.  They  are  believed  to  form  the  main  constituent  of  many  plant 
drugs  and  folk  medicines,  and  are  considered  responsible  for  numerous  pharmaco- 
logical properties  [41-44]. 


1.6    Grape  Seed  Extract 

Grape  seed  extract  (GSE)  (Fig.  If)  is  a  by-product  derived  from  the  grape  seeds 
(Vitis  vinifera)  (from  grape  juice  and  wine  processing).  It  is  extracted,  dried,  and 
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purified  to  produce  a  poly  phenolic -rich  extract.  Standardized  grape  seed  extracts 
contain  74-78%  oligomeric  proanthocyanidins  and  less  than  approximately  6%  of 
free  flavanol  monomers  on  a  dry- weight  basis.  The  red  color  and  astringent  taste  of 
the  GSE  can  be  attributed  to  polyphenol-rich  compounds,  especially  proantho- 
cyanidins. It  also  has  well-documented  antioxidant,  antimicrobial,  and  anti- 
inflammatory properties.  Proanthocyanidins  in  GSE  exhibit  protective  properties 
against  free  radicals  and  oxidative  stress,  making  it  an  excellent  anti-oxidant  in 
addition  to  other  beneficial  biological  functions  such  as  cardio-  and  neuro- 
protection and  antibacterial  activity  [45]. 


2    Biological  Roles  of  Phytochemicals 

Dietary  polyphenols  have  become  potential  therapeutic  and  chemopreventive 
agents,  and  chemoprevention  of  cancer  through  the  use  these  natural  agents 
has  received  an  increasing  interest.  Chemoprevention,  by  definition,  is  a  means 
of  therapy  for  precancerous  lesions,  which  are  called  preinvasive  neoplasia, 
dysplasia,  or  intraepithelial  neoplasia,  depending  on  the  organ  system  [8,  46]. 
Polyphenols  have  been  demonstrated  to  act  on  multiple  key  elements  in  intracel- 
lular signal  transduction  pathways  related  to  cell  proliferation,  differentiation, 
apoptosis,  inflammation,  angiogenesis,  and  metastasis.  Phytochemicals  possess 
favorable  potential  therapeutic  effects  including  anti-oxidant,  antiviral,  antimi- 
crobial, anti-inflammatory,  anticancer,  cardioprotective,  and  neuroprotective 
effects  [13,  14,  40,  45].  Many  of  these  phytochemicals  exert  their  biological 
properties  via  common  mechanisms  and  this  section  describes  the  actions  that 
are  very  specific.  Figure  2  summarizes  the  major  biological  properties  (antioxi- 
dant, anti-inflammatory,  and  anticancer)  of  these  phytochemicals,  with  their 
mechanisms. 


2.1    Antioxidant  Effect 

Phytochemicals  exert  antioxidant  activity  and  support  redox  homeostasis  in  several 
in  vitro  and  in  vivo  models.  The  antioxidant  properties  of  the  polyphenols  come  by 
virtue  of  their  chemical  structure. 

The  curcuminoids  consist  of  two  methoxylated  phenols  connected  by  two 
a,(3-unsaturated  carbonyl  groups  that  exist  in  a  stable  enol  form  [47].  Curcumin 
promotes  neutralization  of  the  lipid  radicals  and  acts  as  a  chain  breaking  antioxidant 
at  the  3'  position,  resulting  in  an  intramolecular  Diels- Alder  reaction  [48].  Curcumin 
possesses  free-radical  scavenging  activity.  Using  rat  peritoneal  macrophages  as 
a  model,  studies  demonstrated  that  curcumin  scavenged  macrophage-generated 
reactive  oxygen  species  (ROS)  both  in  vitro  and  in  vivo  [49,  50].  Curcumin 
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Fig.  2  Biological  properties  of  phytochemicals:  scheme  summarizing  the  major  genes  involved  in 
the  pathways  that  elicit  the  biological  properties  of  the  described  phytochemicals 


downregulated  the  activity  of  iNOS  in  macrophages,  thus  reducing  the  amount  of 
ROS  generated  in  response  to  oxidative  stress  [51,  52]. 

EGCG  acquires  its  antioxidant  potential  from  the  phenolic  group,  which  is 
sensitive  to  oxidation  and  generates  quinine  after  oxidation,  and  also  from  the 
trihydroxyl  structure  in  the  D  ring  [53,  54].  EGCG  is  a  powerful  radical  scavenger; 
it  protects  neurons  from  the  oxidative  damage  induced  by  commonly  used 
prooxidants  such  as  tertbutylhydroperoxide  [55],  inhibits  expression  of  the  multi- 
drug resistance  gene,  and  can  modulate  the  topoisomerase  activity  associated  with 
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tumor  growth.  Many  studies  have  provided  evidence  for  the  interference  of  EGCG 
in  different  metabolic  pathways  [56].  It  selectively  inhibits  specific  enzymes 
involved  in  cancer-developing  activities  such  as  DNA  methyltransferases  and 
repairs  DNA  aberrations  [57].  EGCG  can  induce  apoptosis  by  an  ROS-dependent 
mechanism  [54].  EGCG  also  induced  H202  formation  in  human  lung  adenocarci- 
noma (H661)  and  in  Ha-ras  gene-transformed  human  bronchial  (21BES)  cells,  but 
exogenously  added  catalase  prevented  EGCG-induced  cell  apoptosis,  which 
suggests  that  H202  is  involved  in  the  apoptotic  process  provoked  by  EGCG  [58]. 
Studies  suggested  that  EGCG-mediated  ROS  production  may  underlie  its  ability  to 
induce  endogenous  antioxidants,  at  least  in  vitro.  Treatment  of  Hepalclc7  human 
hepatoma  cells  with  EGCG  resulted  in  dose-dependent  increases  in  NADPH:qui- 
none  reductase- 1  and  glutathione  gene  expression  through  the  electrophile  response 
element.  Liquid  chromatography-mass  spectrometry  (LC-MS)  analysis  of  the  cell 
culture  medium  revealed  the  presence  of  EGCG-20-glutathione  [59]. 

Silymarin  is  also  reported  to  be  a  strong  scavenger  of  free  radicals.  In 
erythrocytes  exposed  to  H202,  silymarin  increases  the  activities  of  anti-oxidant 
enzymes  like  superoxide  dismutase,  catalase,  glutathione  peroxidase,  glutathione 
reductase,  and  glutathione-S-transf erase.  Silymarin  reduces  glutathione  depletion 
and  ROS  production  [60].  One  of  the  in  vivo  studies  reported  dose-dependent 
inhibition  of  malondialdehyde  formation  in  epidermal  microsomes  and  lipid  perox- 
idation caused  by  12-O-tetradecanoylphorbol- 13 -acetate  (TP A)  and  benzoyl  per- 
oxide in  mouse  skin  epidermis  by  silymarin  [61].  GSE  is  also  a  strong  radical 
scavenger  and  studies  have  reported  the  antioxidant  potential  of  GSE  [62] . 


2.2    Anti-inflammatory  Effect 

The  anti-inflammatory  effects  of  curcumin  are  related  to  the  inhibition  of  transcrip- 
tion factor  NF-kB,  which  regulates  and  coordinates  the  expression  of  various  genes 
involved  in  inflammation,  cell  survival,  differentiation,  and  growth  and  also 
regulates  the  free-radical  scavenging  activity  of  curcumin  by  decreasing  the  amount 
of  oxidative  stress  that  can  trigger  the  inflammatory  cascade  [14].  Curcumin  has 
been  shown  to  suppress  the  activation  of  NF-kB,  an  inducible  transcription  factor 
that  regulates  the  expression  of  a  host  of  genes  involved  in  inflammation,  cellular 
proliferation,  and  cell  survival  [13, 63-68].  Genes  regulated  by  NF-kB  include  those 
encoding  for  COX-2,  the  NF-kB  inhibitor  IkBoc,  TNF-oc,  cyclin  Dl,  ICAM-1,  c-myc, 
Bcl-2,  MMP-9,  iNOS,  and  interleukins  (including  IL-6  and  IL-8)  [13].  Curcumin 
blocked  the  iKK-mediated  phosphorylation  and  degradation  of  IkBoc,  thus  NF-kB 
remains  bound  to  IkBoc  in  the  cytoplasm  and  is  not  able  to  enter  the  nucleus  to 
activate  transcription  [65,  69,  70].  Suppression  of  NF-kB  activity  subsequently 
downregulated  COX-2,  iNOS  and  inflammatory  markers  [71, 72].  The  inflammatory 
cytokines  are  secreted  by  activated  monocytes  and  macrophages  and  include 
COX-2,  lipoxygenase  (LOX),  iNOS,  monocyte  chemotactic  protein- 1  (MCP-1), 
monocyte  inflammatory  protein- la  (MIP-loc),  and  interleukins  (including  IL-1, 
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IL-2,  IL-6,  IL-8,  and  IL-12).  This  secretion  is  inhibited  by  curcumin.  The 
arachadonic  acid  pathway  for  eicosanoid  biosynthesis  is  an  important  participant 
in  the  inflammatory  response,  generating  a  host  of  reactive  lipid  products  including 
leukotrienes,  prostaglandins,  prostacyclins,  and  thromboxanes.  Curcumin  has  been 
shown  to  decrease  the  metabolism  of  arachadonic  acid  by  downregulating  the 
activity  of  LOX  and  COX-2,  both  at  the  transcriptional  level  as  well  as  via  post- 
translational  enzyme  inhibition.  Curcumin  inhibited  prostaglandin  E2  biosynthesis 
through  direct  inhibition  of  the  microsomal  prostaglandin  E2  synthase- 1  enzyme. 

Studies  have  demonstrated  that  silymarin  is  a  potent  inhibitor  of  NF-kB  activa- 
tion in  response  to  TNF-oc.  This  effect  was  mediated  through  the  inhibition  of 
phosphorylation  and  degradation  of  IkB  [73].  Silymarin  dose-dependently  inhibited 
both  cytokine-induced  NO  production  and  cell  death  in  RINm5F  cells,  and 
prevented  IL-1(3-  and  IFN-y-induced  NO  production  and  (3-cell  dysfunction  in 
human  pancreatic  islets  [74] . 

In  vivo  studies  on  saponins  isolated  from  Bupleurum  rotundifolium  L.  (Apiaceae) 
were  reported  to  have  anti-inflammatory  activity  against  both  TPA-induced  ear 
oedema  and  chronic  skin  inflammation  [75].  Kim  et  al.  suggested  that  the  anti- 
inflammatory activity  of  these  saponins  is  related  to  anticomplementary  action 
through  the  classical  inflammation  pathway  [76].  Tumor  promoters  induce  TNF-oc, 
which  stimulates  the  production  of  cell  adhesion  molecules.  EGCG  inhibited  NF-kB 
and  expression  of  TNF-oc,  thereby  reducing  cancer  promotion  [77]. 


2.3    Anticancer  Effect 

Curcumin  has  been  studied  in  multiple  human  carcinomas  including  melanoma, 
head  and  neck,  breast,  colon,  pancreatic,  prostate,  and  ovarian  cancers  [13,  17]. 
Curcumin  has  been  shown  to  inhibit  the  cyclins  involved  in  cell  cycle  regulation. 
Specifically,  curcumin  upregulates  the  expression  of  apoptotic  gene  p53,  thus 
inducing  apoptosis  at  the  G2  phase;  the  expression  of  Bax,  thus  initiating  the 
mitochondrial  apoptotic  pathway;  and  also  promotes  binding  of  TNF-oc  and  Fas 
ligand  (death  activators)  to  their  corresponding  cell  surface  receptors,  thus 
stimulating  extrinsic  apoptotic  pathways  [78]. 

Regulation  of  the  cell  cycle  is  one  of  the  mechanisms  of  action  of  silymarin  in 
the  prevention  and  therapeutic  intervention  of  cancer.  Silymarin  has  been  reported 
to  suppress  the  proliferation  of  tumor  cells  in  various  cancers,  including  prostate 
[79-81],  ovarian  [82],  breast  [83],  lung  [84],  skin  [73],  and  bladder  [85].  Studies 
demonstrate  that  silymarin  arrests  the  cells  at  the  Gl  and  G2/M  phase,  induces  CDK 
inhibitors  (Cipl/p21  and  Kipl/p27)  and  alters  the  expression  of  cyclin  D  kinases 
[73].  Silymarin  treatment  has  been  shown  to  inhibit  the  growth  of  androgen- 
dependent  (LNCaP)  and  androgen-independent  (PC3  and  DU145)  prostate  cancer 
cells  [39].  Apoptosis  or  programmed  cell  death  that  occurs  in  various  physiological 
and  pathological  conditions  is  one  of  the  hallmarks  of  cancer.  Several 
phytochemicals  that  are  known  to  inhibit  NF-kB,  and  AP-1  activation  can  suppress 
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cell  proliferation  and  sensitize  cells  to  apoptosis  induction.  Silymarin  is  reported 
to  induce  apoptosis  in  malignant  melanoma  cells  by  increasing  the  expression  of 
Fas-associated  proteins  with  death  domain  (FADD)  followed  by  cleavage  of 
procaspase-8  that  induces  apoptosis,  cleavage  of  poly(ADP-ribose)  polymerase 
(PARP),  caspase-9,  and  caspase-3,  and  decreasing  survivin  levels  in  human  prostate 
cancer.  Silymarin  also  inhibited  Akt  activity,  which  was  associated  with  activation 
of  caspase-9  and  caspase-3  as  well  as  PARP  cleavage,  in  leukemic  cells  [86].  It  has 
been  shown  that  dietary  supplementation  with  silymarin  inhibits  3,20-dimethyl-4- 
aminobiphenyl-induced  prostate  carcinogenesis  in  male  F344  rats  by  increasing 
apoptosis  and  modification  of  cell  proliferation  [87]. 

Many  isolated  steroidal  saponins  have  been  shown  to  be  either  cytostatic  or 
cytotoxic  to  HL-60  human  leukemia  cell  lines  [43].  Lee  et  al.  reported  the  in  vitro 
tumor  activity  of  saponins  in  different  cancer  cell  line  and  suggested  that  it  could  be 
a  good  candidate  for  treatment  of  pulmonary  cancer  cells  [88]. 

EGCG  inhibits  cancer-associated  stages  and  exerts  an  inhibitory  effect  on 
DNA  methylation  via  blocking  the  performance  of  DNA  methyltransf erases, 
strong  free-radical  scavenging,  and  antioxidant  activities.  Recently,  EGCG  has 
been  shown  to  inhibit  lipopolysaccharide-induced  NO  production  and  iNOS  gene 
expression  in  isolated  peritoneal  macrophages  by  decreasing  the  activation  of 
NF-kB  [89].  EGCG  inhibited  platelet-derived  growth  factor  (PDGF) -induced 
apoptosis  and  cell  cycle-regulating  pathways  of  vascular  smooth  muscle  cells, 
resulting  in  inhibition  of  tumor  growth,  metastasis,  and  angiogenesis  in  vivo  [77]. 
In  a  study  that  tested  the  effect  of  EGCG  on  oral  cancer  cell  lines  along  with 
curcumin,  EGCG  blocked  cell  division  in  Gl,  whereas  curcumin  blocked  cell 
division  in  S/G2M.  EGCG  has  antiproliferative  activities  on  tumor  cells  through 
the  blockage  of  growth  factor  binding  to  the  receptor  and  the  suppression  of 
mitogenic  signal  transduction  [89].  Apoptosis  induction  by  EGCG  is  more 
prominent  in  many  cancer  cells  without  affecting  normal  cells  because  NF-kB 
is  activated  in  cancer  cells.  EGCG-induced  apoptosis  in  tumor  cells  may  be 
mediated  through  direct  inhibition  of  cyclin-dependent  kinases  and  NF-kB  inac- 
tivation  [24].  EGCG  also  induces  the  expression  of  p21  and  p27  while  decreas- 
ing the  expression  of  cyclin  Dl  and  the  phosphorylation  of  retinoblastoma. 
However,  EGCG  inhibited  lipopolysaccharide-induced  phosphorylation  of  IkB 
kinase  complex  (IKK),  but  failed  to  affect  NF-kB  luciferase  reporter  gene 
activation  in  human  colon  cancer  (HT-29)  cells,  suggesting  that  EGCG  modula- 
tion of  NF-kB  transcriptional  activity  is  not  necessarily  dependent  on  IkBoc 
degradation  and  subsequent  release  of  NF-kB  proteins.  EGCG  downregulates 
NF-kB,  inducing  kinase  expression  in  human  lung  cancer  (PC-9)  cells.  Activa- 
tion of  NF-kB  promotes  transcriptional  upregulation  of  Bcl-2  and  Bcl-XL. 
Negative  regulation  of  NF-kB  by  EGCG  decreases  expression  of  the 
proapoptotic  protein  Bcl-2  [90].  In  human  prostate  carcinoma  LNCaP  cells, 
treatment  with  EGCG  induced  apoptosis  and  was  associated  with  stabilization 
of  p53  and  also  with  a  downregulation  of  NF-kB  activity,  resulting  in  a 
decreased  expression  of  the  anti-apoptotic  protein  Bcl-2  [89].  EGCG  (70%  lethal 
dose)  at  the  supra-pharmacological  concentration  of  10  mg/mL  increased  the 
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proportion  of  HNSCC  cells  in  the  Gl  phase,  decreased  cyclin  Dl  protein  expression 
and  increased  the  levels  of  p21WAFl/CIPl  and  p27KIPl  proteins  [52].  Many 
recent  studies  have  demonstrated  that  EGCG  triggers  cell  growth  arrest  pathways 
at  the  Gl  stage  of  the  cell  cycle  through  regulation  of  cyclin  Dl,  CDK4,  CDK6, 
p21/WAFl/CIPl,  and  p27/KIPl,  and  induced  apoptosis  through  generation  of  ROS 
and  activation  of  caspase-3  and  caspase-9  [89].  Treatment  of  human  colorectal 
carcinoma  HT-29  cells  with  EGCG  resulted  in  nuclear  condensation,  DNA  frag- 
mentation, caspase  activation,  disruption  of  mitochondrial  membrane  potential,  and 
cytochrome  c  release,  which  all  appeared  to  be  mediated  by  the  JNK  pathway  [91]. 

It  has  been  pointed  out  that  the  ability  of  resveratrol  to  be  proapoptotic, 
antiproliferative  and  anti-inflammatory  make  it  a  potent  anticancer  agent  [92]. 
GSE  is  also  reported  to  have  anticancer  potential  against  an  array  of  cancers 
such  as  prostate,  breast,  oral,  colorectal  cancers,  leukemia,  and  glioblastoma 
multiforme  [93,  94]. 


2 A   Anti-angiogenic  Effect 

Anti-angiogenesis  is  one  of  the  fundamental  methods  of  cancer  treatment.  Angio- 
genesis  is  regulated  by  a  variety  of  pro-angiogenic  genes  and  signaling  molecules, 
including  vascular  endothelial  growth  factor  (VEGF),  basic  fibroblast  growth  factor 
(bFGF),  epidermal  growth  factor  (EGF),  platelet-derived  growth  factors  (PDGFs), 
hypoxia-inducible  factors,  angiopoetin-1  and  angiopoetin-2,  and  matrix  metallopro- 
teinases  [95].  Curcumin  has  demonstrated  to  have  an  anti-angiogenic  effect 
in  vivo  in  xenograft  models  of  various  tumors  including  glioblastoma,  hepatocelluar 
carcinoma,  and  prostate  and  ovarian  carcinomas.  Curcumin  has  been  shown  to 
regulate  a  variety  of  pro-angiogenic  growth  factors,  enzymes,  and  transcription 
factors  (including  bFGF,  VEGF,  angiopoetins  1  and  2,  COX-2,  MMP-9,  AP-1, 
and  NF-kB),  inhibit  the  angiogenic  response  to  FGF-2  stimulation  in  mouse 
endothelial  cells,  and  decrease  the  expression  of  MMP-9  [13]. 

Silymarin  is  reported  to  upregulate  Kipl/p27,  Cipl/p21,  and  p53;  cause  mito- 
chondrial apoptosis  and  caspase  activation;  downregulate  survivin  and  inhibit  Akt 
and  NF-kB  signaling;  and  induce  MMP-2  secretions.  These  reactions  affected  the 
growth  and  survival  of  human  umbilical  vein  endothelial  cells  (HUVECs)  by 
inhibiting  capillary  tube  formation  and  inducing  cell  cycle  arrest,  apoptosis,  inva- 
sion, and  migration  [66,  73,  80].  Silymarin  reduced  VEGF  levels  in  prostate 
(DU145),  breast  (MCF)  and  MDA-MB-468  cancer  cells  and  downregulated 
MMP-2  and  CD34  in  human  hepatoma  cell  lines  [96],  causing  anti-angiogenic 
effects. 

EGCG  inhibits  angiogenesis  by  enhancing  FOXO  transcriptional  activity.  Inhi- 
bition of  AKT  and  MEK  kinases  synergistically  induced  FOXO  transcriptional 
activity,  which  was  further  enhanced  in  the  presence  of  EGCG.  Phosphorylation- 
deficient  mutants  of  FOXO  induced  FOXO  transcriptional  activity  and  inhibited 
HUVEC  cell  migration  and  capillary  tube  formation.  Inhibition  of  FOXO 
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phosphorylation  also  enhanced  the  anti-angiogenic  effects  of  EGCG  through  tran- 
scriptional activation  of  FOXO  [77,  89]. 


2.5   Antimetastatic  Effect 

Cancer  metastasis,  which  depends  on  the  motility  and  invasiveness  of  cancer  cells, 
can  complicate  clinical  management  and  is  a  primary  cause  of  cancer  deaths. 
A  study  of  curcumin  in  metastatic  melanoma  demonstrated  a  dose-dependent 
reduction  in  binding  to  extracellular  matrix  proteins,  decreased  expression  of 
a5(31  and  a(V)(33  integrin  receptors,  and  increased  expression  of  various 
antimetastatic  proteins  including  tissue  inhibitor  metalloproteinase  2  (TIMP-2), 
nonmetastatic  gene  23,  and  E-cadherin  [13].  E-cadherin  expression  is  important 
in  maintaining  the  integrity  of  intercellular  adhesion  though  binding  to  various 
catenins  (including  (3-catenin),  and  loss  of  E-cadherin  is  associated  with  an 
increased  tendency  for  tumor  metastasis.  Antimetastatic  effects  of  curcumin  have 
also  been  demonstrated  in  the  MDA-MB-231  breast  cancer  cell  line,  resulting  in 
decreased  expression  of  MMPs,  ICAM-1,  and  chemokine  receptor  4,  and 
suppressed  cell  migration  and  invasion  [97,  98].  Silibinin  has  the  potential  to  reduce 
MMP-2  and  urokinase-type  plasminogen  activator  (u-PA)  expression  through 
reducing  ERK1/2  and  Akt  phosphorylation,  which  in  turn  leads  to  reduced  inva- 
siveness of  cancer  cells  [99] .  EGCG  blocks  urokinase,  an  enzyme  that  is  essential 
for  cancer  growth  and  metastasis  formation,  by  interfering  with  the  enzyme's 
ability  to  recognize  its  substrates  [100]. 


3    Significance  of  Polymeric  Nanocarriers 

Conventional  natural  products  have  inherent  problems  of  stability,  solubility, 
toxicity,  and  bioavailability.  Chemopreventive  treatments  require  the  administra- 
tion of  low  doses  of  chemopreventive  agents  to  avoid  toxic  side  effects  and,  hence, 
the  bioavailability  of  these  agents  becomes  a  crucial  factor  [101].  The  chemical 
structure  of  the  phytochemicals  determines  their  gut  absorption,  and  the  urine  and 
plasma  levels  represent  good  markers  for  establishing  the  bioavailability  of 
polyphenols  and  their  metabolites.  Generally,  less  than  10%  of  polyphenols,  or 
their  metabolites,  ingested  are  found  in  urine  and  plasma  [102].  Another  issue  is  the 
loss  of  activity  after  metabolism  because  the  metabolites  may  not  be  biologically 
active.  Only  a  small  proportion  of  the  molecules  remain  available  following  oral 
administration  due  to  insufficient  gastric  residence  time,  low  permeability,  solubility 
within  the  gut,  and  conditions  in  the  gastrointestinal  tract  (pH,  enzymes,  presence 
of  other  nutrients),  all  of  which  limit  the  activity  and  potential  health  benefits  of 
these  nutraceutical  components  [103].  The  major  factors  that  limit  the  therapeutic 
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application  of  these  phytochemicals  include  low  bioavailability,  low  tissue  distribu- 
tion, fast  metabolism,  and  short  half  life  [104]. 

The  effectiveness  of  nutraceutical  products  in  preventing  disease  depends  on 
preserving  the  bioavailability  of  the  active  ingredients.  Novel  drug  delivery  systems 
have  been  developed  for  the  potent  plant  extracts  and  their  compounds.  Nanophyto- 
medicines  include  polymeric  nanoparticles,  nanocapsules,  liposomes,  phytosomes, 
nanoemulsions,  microspheres,  transferosomes,  and  ethosomes  loaded  with  bioactive 
plant  extracts.  The  nanocarriers  selected  for  the  phytodrugs  should  channel  the  active 
entity  to  the  site  of  action  and  also  should  deliver  them  at  a  rate  directed  by  the  need  of 
the  body.  Thus,  the  intention  of  the  nanosized  delivery  systems  of  herbal  drugs  is  to 
enhance  their  activity  and  overcome  the  problems  associated  with  plant  medicines. 
The  novel  nanoformulated  phytodrugs  are  reported  to  have  remarkable  advantages 
over  conventional  formulations  of  plant  actives  and  extracts  and  include  enhance- 
ment of  solubility  and  bioavailability,  improved  half  life,  protection  from  toxicity, 
enhancement  of  pharmacological  activity,  enhancement  of  stability,  improved  tissue 
macrophage  distribution,  sustained  delivery,  and  protection  from  physical  and  chem- 
ical degradation.  This  review  highlights  and  summarizes  the  anticancer  potency  of 
the  available  nanophytomedicine  formulations  (see  also  [105]). 


4    Phytochemicals  Encapsulated  in  Polymeric  Nanoparticles 
4.1  Curcumin 

Despite  its  promising  anticancer  properties,  the  extremely  low  water  solubility  of 
curcumin  limits  its  bioavailability  and  clinical  efficacy;  for  example,  its  serum 
concentrations  and  tissue  distributions  are  low  and,  furthermore,  it  is  rapidly 
metabolized  and  thus  has  a  short  half-life  [104].  Curcumin  has  been  encapsulated 
in  liposomes  [106,  107],  polymeric  nanoparticles  [108],  lipid-based  nanoparticles 
[109],  biodegradable  microspheres  [110],  cyclodextrin  [111],  and  hydrogel  [112] 
with  the  aim  of  overcoming  the  issues  associated  with  the  conventional  form  of  the 
drug.  Nanoparticles  have  been  used  as  effective  delivery  tools  to  enhance  the 
tumoricidal  activities  of  anticancer  drugs.  Such  delivery  systems  offer  many 
benefits  due  to  their  tumor-targeting  abilities,  internalization  efficiencies  and, 
sometimes,  escape  from  multidrug  resistance  [113,  114]. 

Nanoscaled  particles  with  a  disk-shaped  lipid  bilayer  stabilized  by  an  apolipo- 
protein  scaffold  (curcumin  nanodisks,  NDs,  with  <50  nm  size)  have  been  used  for 
encapsulating  curcumin.  NDs  self-assemble  in  solution  upon  presentation  of  the 
scaffold  protein  to  a  phospholipid  vesicle  substrate  to  which  an  appropriate  hydro- 
phobic bioactive  agent  has  been  introduced.  The  incorporation  of  curcumin  into  NDs 
enhanced  growth  inhibition  of  human  hepatocellular  carcinoma  cells  (HepG2)  and 
induced  apoptosis  in  mantle  cell  lymphoma  (Jeko  cells)  [115,116].  Natthakitta  et  al. 
reported  the  development  of  mucoadhesive  curcumin  nanospheres.  Ethyl  cellulose 
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(EC)  and  methylcellulose  (MC)  were  used  for  efficient  curcumin  nanoencapsulation 
by  the  self-assembly  of  curcumin  into  monopolymeric  carrier  (EC)  and  dipolymeric 
carrier  (ECMC,  a  blend  of  EC  and  MC)  with  50%  loading.  The  nanospheres  showed 
a  dose-dependent  cytotoxicity  and  free  radical  scavenging  activity  towards  human 
breast  adenocarcinoma  (MCF-7)  and  HepG2  cells  in  vitro.  The  nanosy stems  were 
evaluated  in  vivo  for  their  adherence  to  stomach  mucosa  and  their  ability  to  release 
curcumin  into  the  circulation  via  oral  administration  into  mice.  The  authors  reported 
that  curcumin  sustainability  in  blood  was  improved  by  the  nanoencapsulation  [117]. 
The  aqueous  solubility  and  stability  over  a  wide  pH  range  of  curcumin  was  enhanced 
by  its  nanoencapsulation  in  a  biodegradable  polymeric  methoxyPEG-palmitate 
amphiphilic  conjugate.  The  study  also  reported  that  nanoencapsulated  curcumin 
inhibited  human  cervical  cancer  (Hela)  cell  proliferation  (half-maximal  inhibitory 
concentration,  IC50  =  15.58  uM)  comparably  to  free  curcumin  (IC50  =  14.32  uM), 
thereby  showing  its  anticancer  activity  in  Hela  cells  in  vitro  [118]. 

It  was  reported  that  curcumin  has  been  encapsulated  in  nontoxic  and  non- 
immunogenic  human  serum  albumin  (HSA)  nanop articles.  Albumin-bound  nano- 
particle  technology  is  an  easy  fabrication  process  that  does  not  use  any  toxic 
surfactants  and  is  well  tolerated  in  vivo  [119,  120].  Curcumin-HSA  NPs 
(130-150  nm)  improved  the  water  solubility  of  curcumin  by  300-fold  and  enhanced 
its  in  vivo  antitumor  activity  (50-66%  tumor  growth  inhibition)  in  a  tumor  xeno- 
graft HCT-116  model.  Kim  et  al.  suggested  that  this  potent  antitumor  activity  of 
curcumin-HSA  NPs  could  be  due  to  the  enhanced  water  solubility,  increased 
accumulation  in  tumors,  and  an  ability  to  traverse  vascular  endothelial  cells 
[121].  In  another  study,  fibrinogen  was  used  as  a  nanocarrier  for  curcumin. 
Curcumin-loaded  fibrinogen  nanoparticles  (CRC-FNPs)  were  synthesized  via  a 
co-acervation  technique  with  a  size  distribution  of  150-200  nm  and  90%  loading 
efficiency.  The  in  vitro  cytotoxicity  assay  performed  using  L929  (mouse  fibroblast), 
PC3  (prostate)  and  MCF-7  (breast)  cancer  cell  lines  confirmed  that  CRC-FNPs 
were  comparatively  nontoxic  to  the  L929  cell  line  but  toxic  to  PC3  and  MCF-7 
cancer  cells.  The  study  also  proved  the  apoptotic  potential  of  CRC-FNPs  in  MCF-7 
cells.  Significant  internalization  of  CRC-FNPs  was  observed  in  MCF-7  and  PC3 
cells,  as  monitored  by  fluorescent  microscopy  and  flow  cytometry-based  uptake 
studies.  These  results  indicated  that  CRC-FNPs  could  be  a  promising  therapeutic 
agent  for  prostate  and  breast  cancer  treatment  [122]. 

A  variety  of  biodegradable  polymers  have  been  studied  for  nanoencapsulation  of 
curcumin  and  the  nanoformulations  have  been  evaluated  in  several  in  vitro  and 
in  vivo  models.  Based  on  the  safety  profile  of  poly(lactic-c6>-glycolic)  acid 
(PLGA),  researchers  are  interested  in  nanoformulations  based  on  PLGA.  A  simple 
solid-oil-water  solvent  evaporation  method  has  been  used  to  prepare  curcumin- 
loaded  PLGA  nanospheres.  Curcumin  nanospheres  (mean  particle  size  45  nm) 
exerted  a  pronounced  effect  on  prostate  cancer  cells  (LNCaP,  PC3  and  DU145) 
in  vitro.  Figure  3  illustrates  the  curcumin-PLGA  nanospheres  in  vitro  in  prostate 
cancer  cells  [123].  Grabovac  and  Bernkop  [124]  studied  the  effect  of  surface 
functionalization  on  curcumin-PLGA  NPs  using  thiolated  chitosan  and  Thamake 
et  al.  [125]  studied  surface-functionalized  curcumin-PLGA  NPs  with  a  homo- 
bifunctional   spacer,   bis(sulfosuccinimidyl)   suberate   (BS3),   that  facilitated 
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DAPI  Curcumin        DAPI  curcumin 

merge 

Fig.  3  (a)  Curcumin-PLGA  nanospheres  in  water  and  (b)  free  curcumin  in  water,  (c)  TEM  image 
of  curcumin-PLGA  nanospheres.  (d)  Confocal  microscopy  scan  illustrating  the  encapsulation  and 
distribution  of  curcumin  (green  fluorescence)  within  the  PLGA  nanospheres.  (e)  Confocal  images 
of  different  cell  lines  incubated  with  curcumin-PLGA  nanospheres:  cell  nuclei  stained  with  DAPI, 
cells  showing  curcumin  in  PLGA  nanospheres,  and  merged  images  of  DAPI  and  curcumin  in 
PLGA  nanospheres  [123] 

conjugation  of  Annexin  A2  and  resulted  in  an  efficient  target  therapy  of  curcumin  to 
Annexin-A2-positive  MDA-MB-231  cancer  cells  [125].  Curcumin-PLGA  NPs 
stabilized  with  PEG-5000  exhibited  enhanced  cellular  uptake  and  increased  bioac- 
tivity  in  vitro  using  KBM-5  (human  chronic  myeloid  leukemia),  Jurkat  (human  T  cell 
leukemia),  DU145  (prostate  carcinoma),  MDA-MB-231  (breast  adenocarcinoma), 


218 


S.  Maya  et  al. 


HCT1 16  (human  colon  adenocarcinoma),  and  SEG-1  (human  esophageal  adenocar- 
cinoma) cell  lines  and  showed  superior  bioavailability  in  vivo.  NF-kB  involved 
in  cell  proliferation  (cyclin  Dl),  invasion  (MMP-9),  and  angiogenesis  (VEGF) 
was  inhibited  by  the  nanocurcumin.  The  study  also  demonstrated  that  the  nano- 
formulation  increased  the  half  life  of  curcumin  and  made  it  more  bioavailable 
in  vivo  [126].  The  effectiveness  of  curcumin  encapsulated  in  PLGA  NPs  (NanoCurc) 
against  hepatocellular  carcinoma  (HCC)  has  been  evaluated  using  a  rat  model 
with  oral  diethylnitrosamine  (DEN)-induced  HCC.  The  study  reported  that  this 
nanocurcumin  was  more  effective  than  free  curcumin  as  a  free-radical  quencher 
in  combating  the  oxidative  damage  of  hepatic  cells  and  prevented  DEN-induced 
hyperplastic  nodule  formation.  It  also  promoted  apoptosis  and  thereby  eliminated 
DEN-induced  HCC  in  rats  [127] .  Yallapu  et  al.  have  also  reported  a  curcumin-PLGA 
nanoformulation  (nano-CUR6)  with  enhanced  cellular  uptake  in  cisplatin-resistant 
A2780CP  ovarian  and  metastatic  MDA-MB-231  breast  cancer  cells.  The  feasibility 
of  conjugating  anticancer  antibody  [transferrin  or  anti-TAG-72  (CC49)]  to  the 
nanoformulation  was  analyzed  and  CC49  antibody-coupled  nanoparticles  showed 
intense  localization  in  TAG-72-positive  (HPAFII)  cells  compared  to  TAG- 
72-negative  (SKOV-3)  cancer  cells  [128].  Curcumin  and  doxorubicin  were 
co-encapsulated  in  PLGA  NPs  and  treated  multidrug-resistant  chronic  myeloid 
leukemia  (CML)  blast-like  cancer  cells  (K-562  cells)  more  effectively.  Initially, 
expression  of  multidrug  resistance  protein  1  (MDR1)  and  Bcl-2  were  downregulated 
by  curcumin  and  inhibited  the  nuclear  efflux  mechanism;  the  subsequent  release 
of  doxorubicin  stimulated  cancer  cell  death  [129]. 

Researchers  have  also  focused  on  chitosan-based  derivatives  for  formulating 
nanoparticles  for  the  delivery  of  curcumin.  Curcumin-loaded  dextran  sulfate- 
chitosan  NPs  (200-220  nm)  showed  preferential  killing  of  cancer  cells,  thereby 
sparing  the  normal  cells.  Figure  4  shows  the  cellular  uptake  of  curcumin 
encapsulated  in  dextran  sulfate-chitosan  NPs  using  fluorescent  microscopy  in 
human  breast  adenocarcinoma  (MCF-7),  human  prostate  cancer  (PC-3),  and 
human  osteosarcoma  (MG-63)  cell  lines  and  also  in  normal  cells  (L929).  The  cell 
viability  assay  showed  enhanced  cancer  cell  death  (MCF-7,  40.5%;  MG  63,  34%; 
PC3,  34%;  and  L929,  18%)  and  the  ability  of  the  nanoformulation  to  induce 
apoptosis  was  confirmed  in  MCF-7  cells  [130].  Anitha  et  al.  have  also  loaded 
curcumin  onto  water-soluble  chitosan  derivatives  O-carboxymethyl  chitosan 
(O-CMC)  and  7V,0-carboxymethyl  chitosan  (7V,0-CMC).  Curcumin-loaded 
O-CMC  and  N,0 -CMC  NPs  (15-200  nm)  were  found  to  be  biocompatible  and 
induced  apoptotic  cancer  cell  death  in  MCF-7  and  PC-3  in  a  very  effective  way, 
thereby  retaining  its  safety  for  normal  cells  [131,  132]. 

Das  et  al.  reported  a  nanoformulation  with  a  tripolymeric  composite  carrier 
(alginate,  chitosan  and  Pluronic)  by  ionotropic  pre-gelation  followed  by 
polycationic  crosslinking  for  the  delivery  of  curcumin  to  cancer  cells.  The  IC50 
values  for  free  curcumin  and  encapsulated  curcumin  on  Hela  cells  were  found  to  be 
13.28  and  14.34  uM,  respectively.  The  green  fluorescence  inside  the  Hela  cells 
visualized  using  fluorescent  microscopy  confirmed  the  cellular  internalization  of 
curcumin-loaded  composite  NPs  [133].  A  simple  nanoprecipitation  method  resulted 
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Fig.  4  (a)  SEM  image  of 
curcumin-loaded  dextran 
sulfate-chitosan  NPs. 
(b)  Fluorescent  images  of 
L929  (a,  b),  PC3  (c,  d), 
MCF-7  (e,f)  and  MG  63  (g,  h) 
taken  after  1  and  24  h  of 
incubation,  respectively  [130] 


ISkV    XI  0.000  1>*n 


in  cationic  nanoparticles  of  curcumin  with  chitosan  and  poly(s-caprolactone)  (PCL), 
which  were  found  to  enhance  the  cellular  uptake  by  Hela  cells  and  human  choroidal 
melanoma  (OCM-1).  The  study  suggested  that  the  blending  of  PCL  nanoparticles 
with  the  bio-adhesive  polymer  chitosan  resulted  in  favorable  drug  loading  and 
release  profiles  as  well  as  good  cellular  interaction  and  in  vitro  anticancer  efficacy, 
thereby  retaining  the  activity  of  curcumin  towards  the  cancer  cells  [134]. 
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a  b 


Fig.  5  (a)  Stable  curcumin-loaded  TRC-NPs  and  (b)  SEM  image  of  curcumin-loaded  TRC-NPs. 
(c)  Fluorescent  images  showing  cellular  uptake  of  curcumin-loaded  TRC-NPs:  (a)  displays  the 
fluorescence  of  cells  treated  with  bare  curcumin;  (b,  c)  curcumin-loaded  TRC-NPs  [138] 

Chitosan-coated  cationic  poly  (butyl)cyanoacry  late  (PBCA)  nanoparticles 
(200  nm)  were  developed  for  improving  the  solubility  and  bioavailability  of 
curcumin.  Nanocurcumin  demonstrated  comparable  in  vitro  toxicity  and 
proapoptotic  effects  to  free  curcumin  against  series  of  human  hepatocellular  cancer 
cell  lines  (HepG2,  Bel7402,  and  Huh7  cells).  HCC  growth  in  murine  xenograft 
models  was  suppressed  by  the  curcumin  nanoparticles  and  also  inhibited  tumor 
angiogenesis  by  suppressing  COX-2  and  VEGF  expression  [135].  Another  study 
reported  that  the  co-encapsulation  of  curcumin  with  doxorubicin  in  PBCA  NPs 
(size  133  ±  5.3  nm)  achieved  a  high  reversal  efficacy  and  downregulation 
of  phosphorylated  glycoprotein  in  an  adriamycin-resistant  breast  cancer  cell 
line  (MCF-7)  [136].  Curcumin  loaded  in  crosslinked  nanoparticles  based  on 
AMsopropylacrylamide,  Af-vinyl-2-pyrrolidinone,  and  PEG  acrylate  showed  more 
cytotoxicity  in  pancreatic  cancer  cell  lines  (BxPC3,  AsPCl,  MiaPaca,  XPA-1, 
XPA-2,  PL-1 1,  PL- 12,  PL- 18,  PK-9,  and  Pane  2.03)  and  enhanced  the  bioavailability 
(ninefold  higher).  The  authors  demonstrated  that  curcumin  nanoparticles  were  more 
active  than  free  curcumin  in  inhibiting  some  inflammatory  mediators  (i.e.  TNF-oc- 
induced  NF-kB  activation)  and  in  suppressing  NF-kB -regulated  proteins  involved 
in  cell  proliferation,  invasion,  and  angiogenesis  [137]. 

Sanoj  et  al.  have  investigated  the  in  vitro  anticancer  potential  of  curcumin  loaded 
onto  biodegradable  thermosensitive  nanocarriers  (Fig.  5)  on  oral  cancer  (KB), 
prostate  cancer  (PC3),  and  breast  cancer  (MCF-7)  cell  lines.  They  formulated 
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curcumin  onto  chitosan-g-poly(AMsopropylacrylamide)  and  chitosan-g-poly 
(TV-vinylcaprolactam)  and  showed  the  in  vitro  cellular  uptake  by  the  cancer  cells 
by  virtue  of  the  intrinsic  fluorescence  property  of  curcumin.  The  cytotoxicity  assay 
was  carried  out  at  the  lower  critical  solution  temperature  (LCST)  of  38°C  and  below 
LCST  (35°C)  and  showed  enhanced  cancer  cell  death  at  LCST,  indicating  the 
temperature- sensitive  release  of  the  drug,  inducing  toxicity  to  breast  and  prostate 
cancer  cells  [138,  139]. 

Curcumin  encapsulated  in  (3-cyclodextrin  (CD30)  was  evaluated  for  its  intracel- 
lular uptake  and  anticancer  activity  towards  prostate  cancer  cells  (C4-2  and 
DU145).  The  IC50  of  CD30  is  16.8  in  C4-2  cancer  cells  and  17.6  uM  in  DU145 
cancer  cells,  values  that  are  comparable  to  that  of  free  curcumin.  Cells  treated  with 
2-10  uM  CD30  formed  fewer  colonies  (as  shown  by  colony  formation  assays)  over 
a  10-day  period.  Cell  proliferation  and  clonogenic  assays  demonstrated  that 
(3-cyclodextrin-curcumin  self-assembly  enhanced  curcumin  delivery  and  improved 
its  therapeutic  efficacy  in  prostate  cancer  cells  compared  to  free  curcumin  [140]. 
Dhule  et  al.  reported  cyclodextrin-based  liposomes  for  the  delivery  of  curcumin 
against  osteosarcoma  after  evaluation  against  cancer  models  of  mesenchymal  (OS) 
and  epithelial  origin  (breast  cancer).  Curcumin  encapsulated  in  cyclodextrins 
followed  by  a  second  encapsulation  in  liposomes  (i.e.  2-hydroxypropyl-y-cyclo- 
dextrin/curcumin-liposome  complex)  shows  promising  anticancer  potential  both 
in  vitro  and  in  vivo  against  a  KHOS  OS  cell  line  and  a  MCF-7  breast  cancer  cell 
line.  The  curcumin  solubilization  and  entrapment  was  enhanced  by  cyclodextrin 
complexation.  Liposomal  curcumin  initiates  the  caspase  cascade  that  leads  to 
apoptotic  cell  death  in  vitro.  The  efficiency  of  the  liposomal  curcumin  formulation 
was  also  confirmed  in  vivo  using  a  xenograft  OS  model  [141]. 

The  free  network  structures  throughout  the  crosslinked  copolymer  nanogels 
offer  the  opportunity  to  load  various  types  of  lipophilic  drug  molecules  [142]. 
Bisht  et  al.  [143]  tested  the  effects  of  hydrogel  nanocurcumin  prepared  by  the 
redox  free-radical  polymerization  of  AMsopropylacrylamide  and  TV-vinyl-2- 
pyrrolidone  in  the  presence  of  PEG  monoacrylate  on  pancreatic  cancer  cell  lines. 
Nanocurcumin  blocked  the  activation  of  NF-kB,  downregulated  steady- state 
transcripts  of  multiple  pro-inflammatory  cytokines  and  inhibited  IL-6  synthesis. 
The  tumor  growth  was  significantly  inhibited  by  parenteral  administration  of  the 
hydrogel  nanocurcumin  formulation  in  both  subcutaneous  and  orthotopic  settings  in 
xenograft  models  of  human  pancreatic  cancer  in  athymic  mice.  Also,  treatment  with 
gemcitabine  combined  with  hydrogel  promoted  an  enhanced  tumor  growth  inhibi- 
tion capacity  [143].  The  hydrogel  formulation  was  found  to  be  effective  in 
inhibiting  the  proliferation  and  clonogenicity  of  medulloblastoma  and  glioblastoma 
cell  lines.  The  formulation  has  achieved  a  dose-dependent  antiproliferation  effect  in 
embryonal  tumor-derived  lines  DAOY  and  D283Med,  and  the  glioblastoma 
neurosphere  lines  HSR-GBM1  and  JHH-GBM14  [144].  A  series  of  curcumin- 
loaded  dextran-modified  hydrogel  NPs  were  studied  by  Goncalves  et  al.  [145].  A 
water-dispersible  hybrid  nanogel  for  intracellular  delivery  of  curcumin  was  devel- 
oped by  Wu  et  al.  [147].  The  core-shell  structured  hybrid  nanogels  were 
synthesized  by  coating  the  Ag/Au  bimetallic  NPs  with  a  hydrophobic  polystyrene 
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gel  layer  as  inner  shell,  and  a  subsequent  thin  hydrophilic  nonlinear  PEG-based  gel 
layer  as  outer  shell.  The  cell  viability  evaluation  in  mouse  melanoma  cells 
(B16F10)  demonstrated  that  curcumin-loaded  hybrid  nanogels  maintain  the  high 
anticancer  potential  of  curcumin,  resulting  in  80-90%  of  cancer  cell  death.  In  the 
hybrid  nanogel  system,  the  Ag/Au  core  NPs  emit  strong  fluorescence  for  imaging 
and  also  exhibit  strong  absorption  in  the  near-infrared  (NIR)  region  for 
photothermal  conversion.  The  inner  polystyrene  gel  layer  is  introduced  to  provide 
strong  hydrophobic  interactions  with  curcumin  for  high  drug  loading  yields, 
whereas  the  external  nontoxic  and  thermoresponsive  PEG  analog  gel  layer  is 
designed  to  trigger  release  of  the  pre-loaded  curcumin,  either  by  variation  of 
surrounding  temperature  or  by  exogenous  irradiation  with  NIR  light.  The 
curcumin-loaded  hybrid  nanogels  exhibit  potent  cytotoxicity  against  B16F10  cells 
by  combined  chemo-  and  photothermal  treatment,  thus  providing  higher  therapeutic 
efficacy  than  chemo-  and  photothermal  treatments  alone  or  their  additive  efficacy 
[146].  Sabitha  et  al.  developed  biodegradable  pH-sensitive  chitin  nanogels  loaded 
with  curcumin  (CCNGs)  and  used  them  for  the  transdermal  delivery  of  curcumin  to 
melanoma.  They  reported  that  the  CCNGs  possess  excellent  skin  penetration  and 
retention  properties.  Due  to  their  efficiency  of  skin  penetration,  these  nanogels 
would  be  a  novel  approach  for  trafficking  of  curcumin  through  the  different  layers 
of  skin  (Fig.  6);  they  also  showed  selective  toxicity  towards  melanoma  cell  lines 
A375  [147]. 

Table  1  shows  different  polymers  used  as  nanocarriers  for  curcumin  and  the 
cancer  cell  lines  that  are  affected  by  the  formulations.  The  nanoencapsulation  of 
curcumin  within  polymeric  nanoparticles  improves  its  therapeutic  effect  by 
overcoming  the  problems  of  low  aqueous  solubility  and  poor  bioavailability.  Due 
to  its  better  therapeutic  potential,  nanocurcumin  could  be  effectively  used  as  a 
modality  for  cancer  treatment. 


42  Epigallocatechin-3-gallate 

The  potential  health  benefits  of  tea  consumption  are  attributed  to  the  sensitive 
water-soluble  nutraceutical  compound  EGCG.  But,  EGCG  faces  the  issue  of  insta- 
bility in  neutral  and  alkaline  pH  and  fast  degradation  with  oxygen,  temperature,  and 
pH  changes  [148].  This  necessitates  a  suitable  vehicle  for  the  controlled  release  of 
EGCG,  thereby  enabling  it  to  carry  out  its  therapeutic  activities. 

The  possibility  of  using  thermally  modified  (3-lactoglobulin  to  form  co- 
assembled  nanovehicles  (50  nm)  for  the  protected  delivery  of  EGCG  against 
oxidation  and  degradation  has  been  studied  [149].  The  study  suggested  that  the 
approach  could  be  used  for  encapsulating  important  polyphenolic  nutraceutical 
compounds  and  could  be  used  as  a  preventive  medicine.  Shao  et  al.  [150]  reported 
electrospinning  of  the  biodegradable  polymer  PCL  with  multi-walled  carbon 
nanotubes  (MWCNTs)  and  green  tea  polyphenol  (GTP),  as  a  model  drug  resulting 
in  the  formation  of  nanofiber  meshes.  This  process  imparted  controlled  release 
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Fig.  6  (a)  Stable  control  chitin  nanogel  and  (b)  curcumin-loaded  chitin  nanogel  (CCNG)  at  pH 
5.0.  (c)  Size  distribution  of  CCNGs  by  SEM.  (d)  Cellular  localization  of  CCNGs  on  A375  after  6  h 
of  exposure,  (e)  Skin  localization  of  curcumin  by  fluorescent  microscopy  for  control  curcumin  and 
CCNGs  after  6  h  of  exposure  [147] 


function  and  a  longer  stability  of  the  chemical  structure  of  GTP.  GTP-loaded  PCL/ 
MWCNT  composite  nanofibers  inhibited  cancer  cell  growth  of  human  hepatoma 
cells  (Hep  G2)  and  human  non-small-cell  lung  carcinoma  cells  (A549)  but  had  no 
obvious  effect  on  osteoblasts.  The  A549  cells  have  an  elliptical  structure  and 
conglutinated  on  nanofiber  meshes.  Figure  7  displays  the  fluorescence  images  and 
typical  SEM  photos  of  cells  cultured  for  3  days  on  GTP-loaded  NCF-5  and  CF-5 
composite  nanofiber  meshes.  In  accordance  with  the  toxicity  results,  they  also 
observed  that  the  cancer  cells  were  subjected  to  apoptosis,  which  could  be  due  to 
the  released  GTP  from  the  nanofibers  [150].  A  combination  of  EGCG  and  caffeic 
acid  was  encapsulated  within  electrospun  PCL  nanofibers  and  its  in  vitro  anticancer 
potential  evaluated  in  cultured  gastric  cancer  cell  lines  (MKN-28).  MKN-28  cells 
were  subjected  to  apoptosis  via  activated  caspase-3  due  to  the  H202  generated  by 
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Table  1  Polymeric  nanoparticles  used  for  encapsulating  curcumin  and  their  anticancer  properties 
towards  different  cancer  cells  in  vitro  and  in  vivo 


Nanocarrier 


Size  (nm) 


Type  of  cancer 


Reference 


Nanodisk:  apolipoprotein 
scaffold 

Nanospheres:  ethyl  cellulose  and 

methyl  cellulose 
Micelles:  methoxyPEG-palmitate 

amphiphilic  conjugate 
Human  serum  albumin  NPs 
Fibrinogen 
Nanosphere:  PLGA 
PLGA  NPs  surface 

functionalized  with  bis 

(sulfosuccinimidyl)  suberate 

(BS3) 
PLGA-PEG-5000 


PLGA  NPs  (oral  route) 


PVA-stabilized  PLGA  NPs 

(Curcumin  +  doxorubicin)  - 

PLGA  NPs 
Chitosan-dextran  sulfate  NPs 
0-Carboxymethyl  chitosan 

(0-CMC)  and 

Af,0-carboxymethyl  chitosan 

(MO-CMC) 
Tricomposite:  alginate,  chitosan 

and  pluronic  (PF127) 
Chitosan/PCL 

Chitosan-coated  PBCA  NPs 


(Curcumin  +  doxorubicin) - 

PBCA  NPs 
Micelles: 

A/-isopropylacrylamide, 

A/-vinyl-2-pyrrolidinone,  and 

PEG  acrylate 
Chitosan-g-poly 

(AMsopropylacrylamide)  and 

chitosan-g-poly 

(Af-vinylcaprolactam) 
P-Cyclodextrin 


<50 

117.5  ±  92.5 

41.23 

130-150 
150-200 
45 

184.1  ±  17.9  to 
193.8  ±  11.34 

80.9 

14 

76.2 

248  ±  1.6 

200-220 
150-200 


HepG2  and  Jeko  cells 
MCF-7  and  HepG2 
Hela 

HCT-116  tumor  xenograft 
PC3  and  MCF-7 
LNCaP,  PC3,  and  DU145 
MDA-MB-231 


100  ±  20 

220-360 
200 

133  ±  5.3 
50 


150-230 


KBM-5,  Jurkat,  DU145  MDA- 
MB-231,  HCT1 16,  and 
SEG-1 

A^-Nitrosodiethylamine- 
induced  hepatocellular 
carcinoma  in  rats 

Cisplatin-resistant  A2780CP 
and  MDA-MB  231 

K-562 

MCF-7,  PC-3,  and  MG  63 
MCF-7 


Hela 

Hela,  OCM-l 

HepG2,  Bel7402,  and  Huh7 
in  vitro  and  in  vivo  murine 
xenograft  models 

MCF-7 

BxPC3,  AsPCl,  MiaPaca, 
XPA-l,XPA-2,  PL-11, 
PL- 12,  PL-18,  PK-9,  and 
Pane  2.03 

KB,  PC3,and  MCF-7 


100-500 


C4-2  and  DU145 


115,  116] 

117] 

118] 

121] 
122] 
123] 
125] 


126] 

127] 

128] 
129] 
130] 

131,  132] 


133] 

134] 
135] 


136] 


137] 


138,  139] 


140] 
(continued) 
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Table  1  (continued) 


Nanocarrier 

Size  (nm) 

Type  of  cancer 

Reference 

Liposome:  2-hydroxypropyl-y- 

98.2  ±  30.1 

KHOS  and  MCF-7 

[141] 

cyclodextrin 

Hybrid  nanogels:  polystyrene 

50 

B16F10 

[146] 

inner  shell  and  PEG  outer 

shell  with  bimetallic  Ag/Au 

NP  core 

Nanogels:  chitin 

70-80 

A375 

[147] 

PBCA  poly(butyl  cyanoacrylate),  PCL  poly(e-caprolactone),  PEG  poly(ethylene  glycol),  PLGA 
poly(lactic-coglycolic)  acid,  PVA  polyvinyl  alcohol 


! 


1 1  K 

4    "  'Tj 


Fig.  7  (a)  Fluorescence  microscope  images  of  A549  and  Hep  G2  cells  cultured  on  NCF-0,  NCF-5, 
NCF-10,  CF-0,  CF-5,  and  CF-10  PCL/MWCNT  composite  nanofiber  meshes  for  2  and  3  days 
(200  x).  (b)  Typical  SEM  images  of  A549  and  Hep  G2  cells  cultured  on  NCF-5  and  CF-5  nanofiber 
meshes  for  3  days  [150].  (NCF-0,  NCF-5  and  NCF-10  corresponded  to  pure  PCL  nanofiber  meshes 
with  GTP  content  of  0%,  5%  and  10%  and  CF-0,  CF-5  and  CF-10  for  PCL/MWCNTs  composite 
nanofiber  meshes  with  GTP  content  of  0%,  5%  and  10%,  respectively.) 
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Can  T-E*pNG 


Fig.  8  a)  Tumor  growth  after  treatment  with  EGCG  alone  or  combined  with  Png  in  vivo.  Mice 
were  given  oral  (p.o.),  intraperitoneal  (i.p.),  or  intratumor  (i.t.)  injection  of  water  (Con),  EGCG 
alone  (T-E)  or  EGCG  combined  with  pNG  (T-E  Ip  pNG)  every  other  day  on  day  14  after  tumor 
implantation,  b)  The  tumor  volume  in  mice  orally  treated  with  EGCG  and/or  pNG.  c)  The  tumor 
volume  in  mice  from  different  drug  (EGCG  combined  with  pNG,  EGCG+NG)  delivery  strategies 

the  plant  polyphenols  released  from  the  nanofibers.  The  study  concluded  that 
nanofibers  loaded  with  these  potent  polyphenols  could  offer  long-term  cancer 
therapy  and  could  also  prevent  a  recurrence  of  cancer  after  surgical  operations 
[151]. 

The  use  of  polysaccharide  nanoparticles  for  delivering  natural  antioxidants 
capable  of  inhibiting  tumorigenesis  was  highlighted  by  studies  on  EGCG 
encapsulated  in  carbohydrate  particles  to  preserve  its  antioxidant  properties  and 
improve  its  bioavailability.  Polysaccharide-based  NPs  (maltodextrin-gum  arabic 
matrix)  were  fabricated  and  the  presence  of  EGCG  within  the  carbohydrate  matrix 
demonstrated  by  the  intermolecular  dipole-dipole  interactions,  maintaining  its 
integrity  after  the  spray-drying  process.  The  study  also  proved  the  ability  of  NPs 
to  retain  the  inhibitory  effect  of  EGCG  on  the  proliferative  activity  of  prostate 
cancer  cells  (Dul45).  The  nanoencapsulated  EGCG  enhanced  its  inhibitory  effect 
on  cell  proliferation  (10-20%)  at  lower  concentrations  (1-2  uM)  compared  with 
free  EGCG  [152,  153]. 

Hsieh  et  al.  [154]  investigated  the  anticancer  activity  of  EGCG  physically 
adsorbed  on  gold  nanoparticles  (pNGs)  in  C3H/HeN  mice  subcutaneously 
implanted  with  MBT-2  murine  bladder  tumor  cells.  A  synergistic  growth  inhibitory 
effect  was  observed  in  vitro  on  MBT-2  cells  and  in  vivo  by  the  treatment  of  EGCG- 
loaded  pNGs.  The  study  concluded  that  pNG  altered  the  Bax:Bcl-2  ratio  and 
mitochondrial  membrane  integrity,  thereby  activating  caspase  signaling.  Inhibition 
of  tumor  cells  by  the  EGCG-pNG  (Fig.  8)  complex  is  achieved  via  the  mechanism 
of  cell  apoptosis.  The  EGCG-pNG  complex  also  lowered  the  level  of  VEGF  and 
exerted  a  synergistic  effect  to  outperform  the  individual  components  in  anti- 
tumorigenesis  [154]. 
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Nanocomplexes  assembled  from  bioactive  peptides,  caseinophosphopeptides 
(CPPs),  and  chitosan  were  used  for  the  encapsulation  of  EGCG.  EGCG-loaded 
chitosan-CPP  nanoparticles  (150  nm)  showed  a  dose-dependent  cellular  internali- 
zation inside  human  colon  carcinoma  (Caco-2)  cell  lines.  Furthermore,  the  intesti- 
nal permeability  of  EGCG  using  a  Caco-2  monolayer  was  enhanced  significantly 
as  delivered  by  nanoparticles,  which  indicated  the  promising  elevation  of 
EGCG  bioavailability  [155].  To  address  the  issue  of  poor  absorption  followed 
by  the  oral  administration  of  EGCG,  EGCG  has  been  encapsulated  in  chitosan- 
tripolyphosphate  nanoparticles  and  the  oral  absorption  of  EGCG  evaluated  in  Swiss 
Outbred  mice.  The  study  observed  an  enhanced  exposure  of  EGCG  to  the  jejunum, 
resulting  in  increased  plasma  concentrations  of  EGC  and  suggesting  that  chitosan 
NPs  could  be  useful  for  enhancing  oral  delivery,  and  therapeutic  application,  of 
EGCG  in  a  number  of  disease  conditions.  [156]. 

EGCG  encapsulated  by  poly(lactic  acid)-poly(ethylene  glycol)  (PLA-PEG) 
nanoparticles  was  evaluated  against  prostate  cancer  cells.  They  observed  that 
72%  of  apoptosis  was  induced  in  prostate  cancer  cell  lines  (PC-3)  when  treated 
with  2.74  umol/L  nano-EGCG  but  only  with  40  umol/L  of  non-encapsulated 
EGCG,  indicating  the  ability  of  nano-EGCG  to  induce  enhanced  cancer  cell  death 
with  lower  doses.  Also,  fibroblast  growth  factor  (FGF)-induced  angiogenesis  was 
more  effectively  inhibited  with  nano-EGCG  (3  ug  EGCG)  than  with  free  EGCG. 
Thus,  the  study  proved  that  PLA-PEG  nanoparticles  retained  the  biological  effec- 
tiveness of  EGCG  with  over  tenfold  dose  advantage  for  exerting  its  proapoptotic 
and  angiogenesis  inhibitory  effects  [157,  158].  Researchers  tried  to  explore  the 
concept  of  nanochemoprevention  using  EGCG  NPs  functionalized  with  the  small 
targeting  molecule  prostate-specific  membrane  antigen  (PSMA)  that  exhibits  a 
selective  in  vitro  efficacy  against  PSMA-expressing  prostate  cancer  cells. 
PLGA-PEG-COOH  was  conjugated  with  a  glutamate-containing  urea-based  inhib- 
itor (DCL,  which  contains  a  primary  amine  that  allows  amide  bond  formation  with 
the  carboxyl  terminal  groups  of  PEG  monomer  and  has  a  high  affinity  for  PSMA) 
[159].  Singh  et  al.  investigated  the  effect  of  EGCG  and  theaflavin  loaded  within 
PLGA  nanoparticles  alone  and  in  combination  with  the  anticancer  drug  cisplatin  in 
several  human  cancer  lines:  A549  (lung  carcinoma),  HeLa  (cervical  carcinoma)  and 
THP-1  (acute  monocytic  leukemia).  They  showed  that  the  nanoformulation  in 
combination  with  cisplatin  exerted  an  enhanced  anticancer  potential  by  inhibiting 
cell  proliferation,  metastasis,  angiogenesis,  and  apoptosis  biomarkers,  resulting  in  a 
20-fold  dose  advantage  over  the  free  drug  [160].  Gelatin  can  act  as  a  good  carrier 
for  the  natural  polyphenols.  EGCG  was  encased  using  a  layer-by-layer  (LbL) 
technique  into  200-nm  sized  gelatin  nanoparticles  consisting  of  a  soft  gel-like 
interior  with  or  without  a  surrounding  LbL  shell  of  polyelectrolytes  (polystyrene 
sulfonate/polyallylamine  hydrochloride),  polyglutamic  acid/poly-L-lysine,  dextran 
sulfate/protamine  sulfate,  or  carboxymethyl  cellulose/gelatin.  Nanoencapsulated 
EGCG  retained  its  biological  activity  and  blocked  hepatocyte  growth  factor 
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Table  2  Polymeric  nanoparticles  used  for  encapsulating  the  nutraceutical  EGCG  and  their 
anticancer  properties  towards  different  cancer  cells  in  vitro  and  in  vivo 


Nanocarner 

Size  (nm) 

r  1 1  r» 

Type  or  cancer 

Reference 

Nanofibers:  PCL/MWCNTs 

200-600 

Hep  G2  and  A549 

[150] 

(EGCG  +  caffeic  acid)-PCL  nanofibers 

— 

MKN-28 

[151] 

Polysaccharide  NPs:  (maltodextrin-gum 

400 

Du-145 

[152,  153] 

arabic  matrix) 

Gold  NPs 

20-1200 

MBT-2  murine  bladder  tumor 
cells  in  vivo 

[154] 

Caseinophosphopeptides  and  chitosan 

150  ±  4.3 

Caco-2 

[155] 

PLA-PEG 

285 

PC-3 

[157,  158] 

DCL-PLGA-PEG 

80.5  ±  15 

PSMA-expressing  LNCaP 

[159] 

Gelatin  NPs 

200 

MBA-MD-231 

[161] 

Folate-targeted  BSA  NPs 

200 

PC-3 

[162] 

EGCG  epigallocatechingallate,  PEA  poly  (lactic  acid),  PEG  poly  (ethylene  glycol),  PEG  A  poly 
(lactic-coglycolic)  acid,  PCE  poly(e-caprolactone),  MWCNT  multiwalled  carbon  nanotube, 
PSMA  prostrate-specific  membrane  antigen 


(HGF) -induced  intracellular  signaling  in  the  breast  cancer  cell  line  MBA-MD-231 
as  potently  as  free  EGCG  [161].  EGCG-loaded  bovine  serum  albumin  (BSA)  NPs 
were  targeted  to  prostate  cancer  cells  (PC-3)  via  folate-mediated  targeting: 
18.363  ug  of  folate  was  conjugated  per  mg  BSA  and  the  uptake  of  folate-EGCG- 
BSA  NP  by  cultured  PC-3  cells  was  23.65  times  the  uptake  of  EGCG-BSA  NPs  in  a 
concentration-dependent  manner.  The  cytotoxicity  induced  in  PC-3  cells  by  the 
targeted  folate -EGCG-BSA  NPs  was  higher  (82.8%)  than  that  induced  by  free 
EGCG  (58.6%)  and  non-targeted  EGCG-BSA  NPs  (55.1%)  [162]. 

All  the  above-mentioned  studies  demonstrate  that  nanoencapsulation  into  poly- 
meric carriers  could  enhance  the  therapeutic  effectiveness  of  natural  agents  such  as 
EGCG  in  the  prevention  and  treatment  of  complex  diseases  like  cancer.  Table  2 
summarizes  the  cancers  affected  by  nanoencapsulated  EGCG  and  the  polymeric 
carriers  used  for  the  encapsulation. 


4.3  Resveratrol 

With  the  aim  of  stabilizing  and  protecting  resveretrol,  Nam  et  al.  [163]  applied 
monodisperse  functionalized  porous  polymeric  microspheres  as  support  material 
and  Shi  et  al.  [164]  demonstrated  the  successful  preparation  of  yeast-encapsulated 
resveratrol  using  Saccharomyces  cerevisiae  as  encapsulating  wall  material.  For 
improving  aqueous  solubility,  researchers  have  formulated  resveratrol  complexed 
with  derivatives  of  (3-cyclodextrin  ((3-CD).  A  resveratrol  nanoemulsion  was 
formulated  using  poly(oxyethylene)-hydrogenated  castor  oil  as  surfactant,  ethanol 
as  co- surfactant,  and  isopropyl  myristate  as  the  oil  phase.  (3-CD  nanosponges  were 
prepared  by  cros slinking  with  carbonyldiimidazole  and  they  were  reported  to 
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be  effective  for  oral  and  topical  delivery  of  resveratrol.  Polymeric  lipid-core 
nanocapsules  have  been  loaded  with  frYms-resveratrol  to  improve  its  biodistribution 
and  decrease  its  very  fast  metabolism.  Nanocapsules  (size,  240  nm)  of  trans-res- 
veratrol  were  prepared  and  their  in  vivo  biodistribution  in  rats  evaluated,  showing 
improved  gastro-intestinal  safety  [165].  In  order  to  enhance  the  oral  bioavailability, 
trans-YQSYQYatrol  NPs  were  prepared  by  temperature-controlled  antisolvent  precipi- 
tation with  hydroxypropyl  methyl  cellulose  as  the  stabilizer.  The  mean  particle  size 
was  well  controlled,  ranging  between  232  and  560  nm  by  adjusting  the  precipitation 
temperature  and  was  decreased  by  lowing  the  precipitation  temperature  during  the 
antisolvent  process.  The  study  concluded  that  that  the  temperature-controlled 
antisolvent  precipitation  technique  can  be  considered  promising  for  obtaining 
nanosized  particles  to  enhance  the  saturation  solubility  and  dissolution  rate,  and 
could  be  an  effective  method  for  achieving  therapeutic  effects  for  poorly  water- 
soluble  food  ingredients  and  nutraceuticals  [166]. 

The  capability  of  resveratrol  to  elicit  many  cellular  responses,  including  cell 
cycle  arrest,  differentiation,  and  apoptosis  makes  it  a  potential  anticancer  agent. 
Resveratrol  is  incorporated  into  methoxyPEG-PCL-based  nanoparticles  with  high 
encapsulation  efficiency  and  its  in  vitro  cytotoxic  effect  was  analyzed  in  glioma 
cells  (C6).  Intracellular  ROS  levels  were  shown  to  exploit  the  possible  antiglioma 
mechanisms  of  resveratrol-loaded  NPs.  Resveratrol  NPs  demonstrated  better  effi- 
cacy against  glioma  cells  due  to  the  superior  cell  membrane  penetrating  ability 
of  the  NPs  and  the  ROS  scavenging  potential  of  released  resveratrol  [167].  Wang 
et  al.  proposed  a  strategy  of  targeting  cancer  cell  mitochondria  by  resveratrol 
liposomes  [169].  They  synthesized  a  targeting  material,  dequlinium-poly (ethylene 
glycol)-distearoylphosphatidylethanolamine  (DQA-PEG2000-DSPE),  which  was 
used  as  mitochondriotropic  molecule  for  modifying  the  surface  of  liposomes,  and 
evaluated  its  apoptotic  potential  in  resistant  lung  cancer  cells.  Mitochondrial- 
targeting  resveratrol  liposomes  (size  70-80  nm)  exhibited  a  strong  inhibitory  effect 
on  the  proliferation  of  A549  cells.  Subcellular  localization  of  the  drug  in  A549  and 
A59/cDDP  cells  using  confocal  laser  microscopy  clearly  showed  the  mitochondrial 
targeting  of  the  NPs.  The  inhibitory  effect  of  mitochondrial-targeting  resveratrol 
liposomes  on  resistant  lung  cancer  xenografts  was  studied  and  superior  antitumor 
effects  by  inducing  apoptosis  via  the  mitochondria  signaling  pathway  were 
achieved  with  the  NPs  compared  with  free  resveratrol.  The  study  proved  that 
mitochondrial-targeting  resveratrol  liposomes  modified  with  the  targeting 
DQA-PEG2000-DSPE  conjugate  could  provide  a  potential  strategy  for  treating 
the  intrinsic  resistant  lung  cancers  [168]. 

The  potential  of  transferosomes  and  ethanol-containing  vesicles  were  evaluated 
for  their  delivery  of  resveratrol  through  skin.  Transferosomes  (size  83  nm) 
encapsulating  trans-Yesvemtrol  were  prepared  with  surfactant  polysorbate  80 
(Tw80),  sodium  cholate  (SC),  and  sodium  deossicholate  (SDC)  and  116-nm 
ethanol-containing  vesicles  of  different  lipid  composition,  namely  soy  phosphati- 
dylcholine (SPC)  and  cholesterol.  Cytotoxicity  and  the  inhibition  of  ROS  production 
and  lipid  peroxidation  were  evaluated  on  H202-stimulated  human  keratinocytes 
(HaCaT).  The  presence  of  fr^ms-resveratrol  can  have  a  protective  effect,  reducing 
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Table  3  Polymeric  nanoparticles  used  for  encapsulating  the  nutraceutical  resveratrol  and  their 
anticancer  properties  towards  different  cancer  cells  in  vitro 


Nanocarrier 


Size  (nm)    Type  of  cancer 


Reference 


Resveratrol-methoxyPEG-PCL  NPs 
DQA-PEG2000-DSPE-liposomes 
Tranferosomes:  surfactant  polysorbate  80 

(Tw80),  sodium  cholate,  and  sodium 

deossicholate 
Resveratrol-BSA  NPs 


87.5  ±  9.5  C6 

70-80  A549 

83  Skin  cancer 


[167] 
[168] 
[169] 


400-500      Ovarian  cancer  cells  [170] 

(SKOV3)  implanted  in 
nude  mice 


PEG  polyethylene  glycol,  PCL  poly(s-caprolactone),  DQA  dequlinium,  DSPE  distearoylphospha- 
tidylethanolamine,  BSA  bovine  serum  albumin 


ROS  formation  as  well  as  formation  of  lipid  peroxides.  Ethanol-containing  vesicles 
based  on  SPC  were  able  to  promote  trans-YQsvQmtrol  permeation  through  the  porcine 
skin.  The  nanosystem  could  be  potentially  exploited  for  the  transdermal  delivery  of 
nutraceuticals  with  anticancer  potential  specifically  for  skin  cancer  [169].  Guo  et  al. 
investigated  the  antitumor  effects  and  functional  mechanism  of  resveratrol-BSA 
nanoparticles  on  human  primary  ovarian  carcinoma  cells  (SKOV)  in  nude  mice.  The 
administration  of  resveratrol-BSA  NPs  significantly  retarded  the  growth  of 
carcinomas  in  nude  mice  from  the  third  week  onwards,  and  the  inhibition  rate  was 
markedly  higher  than  in  mice  treated  with  free  resveratrol  (52.43%  vs.  46.34%, 
P  <  0.05),  without  causing  weight  loss  (P  >  0.05).  Apoptotic  and  necrotic  mor- 
phological characteristics  were  observed  with  electron  microscopy  in  the  tumor 
tissues  of  treated  mice  and  also  revealed  that  part  of  the  mechanism  might  be 
mediated  by  triggering  the  release  of  cytochrome  c  from  the  intermembrane  space 
and  upregulating  the  expression  of  caspase-9  and  caspase-3,  suggesting  that  the 
mitochondrial  apoptotic  pathway  was  being  activated  [170].  Table  3  summarizes  the 
nanoencapsulated  resveratrol  and  its  in  vitro  anticancer  effects. 


4.4  Silymarin 

Silymarin  encapsulated  in  PLGA  NPs  (Fig.  9)  were  developed  by  Snima  et  al.  and 
their  potential  evaluated  for  anticancer  application  in  vitro.  About  60%  of  silymarin 
was  encapsulated  into  PLGA  nanocarrier  via  a  single-step  emulsion  technique. 
The  study  proved  time-  and  dose-dependent  cytotoxic  effects  towards  prostate 
cancer  cells  (PC-3).  They  also  suggested  that  the  ability  of  silymarin-PLGA  NPs 
to  decrease  the  migration  of  PC-3  could  be  due  to  the  downregulation  of  transcrip- 
tion factors  such  as  Snail- 1  and  SLUG,  resulting  in  upregulation  of  E-cadherin  (a  cell 
adhesion  protein)  and  simultaneous  downregulation  of  vimentin  (a  cytoskeletal 
protein)  [171]. 
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Fig.  9  (a)  SEM  image  of  silymarin-PLGA  NPs.  (b)  Confocal  microscopic  images  showing 
cellular  uptake  of  rhodamine- 123 -tagged  silymarin-PLGA  NPs  (0.625  mg/mL)  by  PC-3  cells. 
(Z-stacked  merged  images  of  PC-3  showing  F-actin  and  rhodamine- 123 -tagged  NPs)  [171] 


4.5  Saponin 

Sanoj  et  al.  formulated  NPs  of  saponin  with  biocompatible  and  biodegradable 
chitosan  and  reported  this  nanoformulation  to  be  a  better  therapeutic  agent.  The 
saponin-loaded  chitosan  nanoparticles  (Fig.  10),  "nanosaponin",  were  prepared 
via  a  simple  crosslinking  reaction  with  sodium  tripolyphosphate  (TPP)  for 
enhanced,  controlled  and  sustained  delivery  to  prostate  cancer  cell  lines.  The 
cellular  uptake  studies  of  nanosaponin  using  L929  and  PC3  cells  demonstrated 
significant  internalization  and  retention  of  the  NPs  inside  the  cells,  suggesting 
that  these  nanoparticle  systems  can  be  used  for  delivering  saponin  directly  into 
the  cells.  The  nanosaponin  has  showed  specific  toxicity  to  cancer  cells  and  are 
nontoxic  to  normal  cells  [172]. 


4.6    Grape  Seed  Extract 


Narayanan  et  al.  reported  targeted  NP-mediated  delivery  to  enhance  the  efficacy  of 
the  well-known  nutraceutical  GSE.  NanoGSE  was  prepared  by  a  nanoprecipitation 
technique  whereby  GSE  was  encapsulated  in  PLGA  nanoparticles.  The  potential 
cancer-targeting  ligand  folic  acid  was  conjugated  to  GSE-PLGA  NPs  and  tested 
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Fig.  10  (a)  Hypothesized  interactions  of  saponin  within  chitosan  nanoparticles.  (b)  SEM  image  of 
nanosaponin.  (c,  d)  Fluorescent  microscopy  images  of  PC-3  cells  treated  with  rhodamine-123- 
labeled  saponin  nanoparticles  [172] 

against  folate-receptor-overexpressing  cancers  (MCF-7).  The  IC50  values  were 
lowered  by  a  factor  of  about  three  for  folic  acid-loaded  NanoGSE  compared  to 
the  free  drug,  indicating  substantially  enhanced  bioavailability  to  the  tumor  cells. 
Receptor  targeting  of  folic  acid-loaded  NanoGSE  also  resulted  in  a  significant 
increase  in  apoptotic  index  [173]  (Fig.  11). 


5  Conclusions 

Nanoformulated  nutraceuticals  such  as  polyphenols  and  flavanoids,  which 
are  derived  from  medicinal  plants,  provide  a  new  insight  for  cancer  treatment. 
The  mechanism  of  action  of  these  dietary  agents  in  chemoprevention  has  gained 
considerable  interest  in  the  area  of  cancer  research.  This  review  has  presented 
several  mechanisms  explaining  the  chemopreventive  potentials  of  curcumin, 
EGCG,  resveratrol,  saponin,  silymarin,  and  GSE.  Their  ability  to  target  specific 
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(c)  I W) 


Fig.  11  (a)  SEM  image  of  NanoGSE.  (b)  Cellular  uptake  of  folic-acid-modified  NanoGSE,  as 
shown  by  fluorescence  microscopy  after  incubation  for  2  h:  (a)  KB,  (b)  A549  and  (c,  d)  KB  cells 
with  apoptotic  features  dually  stained  using  Annexin  V  and  propidium  iodide  after  24  h  of 
incubation  [173] 
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cell  signaling  pathways  has  received  considerable  attention  for  regulating  cellular 
proliferation  and  apoptosis,  as  has  their  broad  pharmacologic  activities. 

Several  types  of  polymeric  nanocarriers  have  been  found  to  be  suitable  for  the 
encapsulation  or  loading  of  these  phytochemicals  to  improve  their  bioavailability 
and  potential  as  cancer  therapeutics.  The  characteristics  of  these  polymeric 
phytonanoformulations  can  be  tailored  by  various  mechanisms  according  to  the 
specific  requirement  for  inducing  cellular  death.  It  can  be  concluded  that  utilization 
of  encapsulated  polyphenols  can  enhance  the  stability  and  bioavailability  of  the 
phytodrugs  both  in  vitro  and  in  vivo  and  optimize  routes  for  their  administration. 
Overall,  the  use  of  phytochemical-loaded  polymeric  nanoparticles  in  chemotherapy 
for  cancer  treatment  improves  existing  therapies  by  targeting  tumors  and  by 
reducing  the  dose  required.  Safe  toxicological  profiles  of  the  biocompatible  and 
biodegradable  polymeric  carriers  with  the  loaded  phytodrugs  and  their  efficacy 
in  the  cell-line  models  highlight  their  potential  for  evaluation  in  in  vivo  models. 
Future  studies  have  to  be  conducted  clinically  after  the  in  vitro  and  in  vivo 
evaluations  for  the  use  of  these  phytodrug  nanoformulations  in  effective  cancer 
treatment. 
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Proteins  and  Carbohydrates  as  Polymeric 
Nanodrug  Delivery  Systems:  Formulation, 
Properties,  and  Toxicological  Evaluation 

Dhanya  Narayanan,  J.  Gopikrishna,  Shantikumar  V.  Nair, 
and  Deepthy  Menon 

Abstract  Enhancing  the  clinical  benefits  of  pharmaceuticals  at  reduced  doses  with 
negligible  side  effects  has  been  an  ever-challenging  goal  in  drug  delivery.  This 
pursuit  towards  an  optimal  formulation  is  hugely  supported  through  the  develop- 
ment of  nanoparticulate  delivery  systems,  which  encapsulate  the  drug  in  its  active 
form.  Nanocarriers  have  emerged  as  successful  candidates  in  pharmaceutics  owing 
to  their  multifaceted  characteristics  such  as  the  capability  to  entrap  pharmaceutical 
ingredients  at  therapeutic  dose,  better  biodistribution,  size -dependent  clearance, 
targetability,  and  controlled/sustained  release  of  single  or  multiple  pay  loads  at  the 
site  of  interest.  Additionally,  the  requirement  that  the  chosen  carrier  be  biocompat- 
ible and  biodegradable  necessitates  the  use  of  biopolymers  in  entrapping  payloads. 
Among  the  biopolymers,  a  wide  variety  of  natural  and  synthetic  carbohydrates  and 
proteins  (including  starch,  chitosan,  chitin,  dextran,  alginate,  albumin,  casein, 
fibrin/fibrinogen,  gelatin,  collagen,  whey  protein,  etc.)  have  evolved  as  useful 
materials  for  delivering  hydrophobic  or  hydrophilic  drugs  through  oral,  intrave- 
nous, mucosal,  ocular,  or  nasal  routes.  Targeted-controlled  release  of 
pharmaceuticals  to  diseased  sites,  environmentally  stimulated  drug  release  at 
desired  locations,  and  many  more  drug  release  strategies  have  been  made  available 
by  efficient  engineering  and  nanoformulation  of  carbohydrate  and  protein 
biopolymers.  This  chapter  embodies  an  in-depth  discussion  of  various  carbohy- 
drate- and  protein-based  nanomedicines  with  respect  to  the  formulation  and 
properties  of  the  nanoconstructs.  The  manipulation  and  utilization  of  these 
properties  for  development  of  better  drug  delivery  devices  is  described  and  the 
toxicological  interactions  of  these  nanocarriers  with  host  physiological  systems 
discussed. 


D.  Narayanan,  J.  Gopikrishna,  S.V.  Nair,  and  D.  Menon  (ISI) 

Amrita  Centre  for  Nanosciences  and  Molecular  Medicine,  Amrita  Institute  of  Medical  Sciences 
and  Research  Centre,  Kochi  682041,  India 

e-mail:  deepthymenon@aims. amrita.edu;  deepsmenon@gmail.com 


242 


D.  Narayanan  et  al. 


Contents 


1  Introduction 


242 
243 
243 
243 
244 
244 
245 
249 
252 
255 
257 
258 
259 
260 
260 
261 
263 
264 


1 . 1    Loading  Capacity 


1.2    Release  Characteristics 


1.3  Stability 


1 .4  Circulation 


2    Properties  of  Carbohydrates  and  Proteins  as  Drug  Delivery  Systems 

2.1  Drug  Loading  

2.2  Drug  Release  Properties  

2.3  Stability  of  Nanocarriers  

2.4  Circulation  of  Nanocarriers  


3    Formulational  Approach  

3.1  Emulsion  Cros slinking  

3.2  Ionic  Gelation  

3.3  Precipitation/Coacervation 

3.4  Spray  Drying  


4  Toxicological  Evaluation 

5  Conclusion  

References  


1  Introduction 

In  recent  years,  nanotechnology  has  gained  incredible  attention  because  of  its 
advantages  in  the  design  of  drug  delivery  systems  for  medical  therapeutics.  Several 
therapeutic  agents  are  hydrophobic,  low  molecular  weight  compounds  that  exhibit  a 
nonspecific  biodistribution  profile,  short  plasma  circulation  time,  and  rapid  systemic 
elimination,  with  ensuing  poor  absorption,  low  bioavailability,  and  thereby  side- 
effects  and  poor  efficacy  [1,2].  Furthermore,  certain  drugs  demand  frequent  admin- 
istration for  enhanced  therapeutic  efficacy,  consequently  leading  to  drug-induced 
toxicity.  This  is  so  because  a  drug  is  a  "potential  toxin"  when  not  used  within  the 
limits  of  its  "safe"  dosage  and  schedule.  Consequently,  nearly  half  of  the  potentially 
promising  drug  candidates  with  high  activities,  identified  through  high-throughput 
screening,  fail  to  reach  the  clinical  translation  stage.  The  use  of  nanomaterials  to 
address  these  downsides  [3,  4]  can  lead  to  the  creation  of  "smart"  drug  delivery 
vehicles  and  new  therapies.  Nanoencapsulation  is  an  efficient  approach  to  drug 
delivery  because  it  evades  the  issues  related  to  chemical  modifications  of  drug 
molecules  for  improved  potency  [5,6].  Biodegradable  nanocarriers,  as  drug  delivery 
paradigms,  have  been  extensively  explored  for  loading  and  delivering  a  wide  range 
of  small  molecules  as  well  as  macromolecules  such  as  peptides,  proteins,  and  genes 
[2,  7,  8].  A  major  goal  in  designing  such  pharmaceutical  nanoparticles  is  to  control 
the  drug  delivery  in  order  to  release  pharmacologically  active  agents  at  the  thera- 
peutically optimal  rate  and  site  [9].  Use  of  a  biodegradable  drug  carrier  offers 
numerous  advantages:  (1)  improved  solubility  and  retention  time  of  hydrophilic/ 
hydrophobic  drug  molecules  for  enhanced  therapeutic  value;  (2)  better  drug  stability 
by  protection  from  host  enzymes  and  environment,  thereby  enhancing  cellular 
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uptake;  (3)  improved  bioavailability  via  delivery  of  the  drug  at  the  site  of  action  at 
reduced  dosage,  enabling  sustained  and  controlled  release;  (4)  enhanced 
biodistribution  with  reduced  toxicity  and  minimal  nonspecific  interactions  with 
the  host;  and  ultimately  (5)  reduced  patient  expenses  and  non-compliance  by 
evading  repeated  administration  [10,  11].  In  a  nutshell,  nanoencapsulation  of 
drugs  within  biodegradable  polymers  provides  enhanced  drug  efficacy,  specificity, 
tolerability,  and  a  better  therapeutic  index  [12].  The  essential  hallmarks  of  the 
selected  drug  carrier  for  attaining  these  desired  outcomes  are  listed  below. 


1.1    Loading  Capacity 

The  extent  of  drug  carried  by/within  a  drug  carrier  is  expressed  by  its  loading 
capacity.  Drug  loading  is  denoted  by  two  terms:  "entrapment  efficiency",  which  is 
the  drug  loaded  in  a  carrier  as  a  fraction  of  the  total  drug  used  in  the  loading  process 
and  "loading  efficiency",  which  is  a  measure  of  the  amount  of  drug  loaded  into  a 
unit  value  of  the  drug  carrier  used,  usually  expressed  as  drug-to-polymer  ratio. 
Entrapment  and  loading  efficiencies  may  vary  depending  upon  the  nature  of  the 
drug  and  the  method  of  loading.  The  higher  the  loading,  the  better  the  clinical 
therapeutic  outcome  conferred  at  low  doses. 


1.2    Release  Characteristics 

Delivery  of  the  loaded  contents  from  a  drug  carrier  may  occur  either  via  degradation 
of  the  drug  carrier  or  by  slow  diffusion  of  the  drug  through  the  carrier  matrix,  and  is 
expressed  as  the  release  rate.  The  method  of  drug  incorporation  within  the 
nanomatrix  influences  the  release  profile  considerably.  For  drugs  incorporated 
within  the  matrix  during  its  preparation,  a  relatively  small  burst  effect  with  better 
sustained  release  characteristics  is  obtained.  For  nanoparticles  stabilized  with  a 
polymer  coating,  release  is  controlled  by  diffusion  of  the  drug  from  the  core  across 
the  polymeric  membrane.  Ionic  interactions  between  the  drug  molecules  as  well  as 
the  addition  of  surfactant  molecules  can  also  drastically  affect  the  release  rate.  Thus, 
drug  solubility,  diffusion,  and  biodegradation  of  the  matrix  materials  govern  the 
release  process.  A  slow  and  sustained  release  rate  at  the  tissue/organ  of  therapeutic 
action  will  enable  improved  bioavailability  and,  thereby,  clinical  outcomes. 


1.3  Stability 

One  of  the  main  concerns  in  nanoparticle  engineering  is  to  maintain  the  stability  of 
the  primary  particles  because  otherwise  the  advantages  of  the  small  particle  size  are 
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lost.  Physical  instability  is  the  major  challenge  with  colloidal  nanoparticle  systems 
and,  typically,  surfactants  and/or  polymers  are  used  to  stabilize  the 
nanosuspensions  for  better  drug  efficacy.  Biological  stability  of  the  nanocarrier  is 
yet  another  important  concern  for  better  efficacy  of  the  drug.  This  could  be 
conferred  by  chemical  modifications  such  as  crosslinking  and  surface  passivation 
but,  most  of  all,  the  stability  of  the  drug  carrier  is  an  inherent  characteristic  of  the 
material  used.  The  better  the  integrity  of  the  carrier,  the  better  it  can  hold  the  drug 
under  storage  and  host  conditions. 


1.4  Circulation 

Characteristic  material  properties  such  as  surface  charge,  size,  and  hydrophilicity 
influence  the  circulation  of  a  drug  carrier  in  the  blood  stream  [13].  These  properties 
of  a  drug  carrier  can  be  engineered  for  better  outcome.  The  extent  of  circulation  is 
commonly  expressed  by  the  drug  "bioavailability".  Most  of  the  hydrophobic  drugs 
have  a  very  short  circulation  time  in  vivo  due  to  their  rapid  clearance,  resulting  in 
low  bioavailability.  Hence,  the  longer  the  circulation  time  of  the  drug  carrier,  the 
better  the  availability  of  the  drug  at  the  site  of  action. 

Most  of  the  above-mentioned  essential  hallmarks  are  well  satisfied  by  drug 
carriers  made  from  biopolymers  [14].  The  diversity  of  biopolymers,  including 
proteins  and  carbohydrates,  offers  a  wide  range  of  materials  with  varied 
characteristics  to  choose  from  viz.,  degradability,  non-antigenicity,  nutritional 
value,  abundance,  drug-binding  capacity,  simple  chemical  structure,  etc.,  all  of 
which  provide  platforms  for  an  array  of  manipulations.  These  exceptional 
characteristics  together  with  the  GRAS  (generally  regarded  as  safe)  approval  of 
many  of  the  biopolymers  make  them  ideal  matrices  for  drug  loading  and  delivery. 
Moreover,  nanoparticles  developed  from  proteins  and  carbohydrates  can  be  easily 
prepared  and  scaled-up  during  manufacture,  and  is  also  cost-effective,  thereby 
offering  tremendous  potential  for  industrial  translation.  In  this  chapter,  we  present 
an  extensive  review  of  various  carbohydrates  and  proteins  used  to  prepare 
nanomedicines,  with  a  focus  on  their  physicochemical  features,  formulational 
aspects,  and  toxicological  behavior.  The  carbohydrate  and  protein  drug  carriers 
will  be  assessed  on  the  basis  of  the  above-stated  essential  hallmarks,  their 
contributing  factors,  and  benefits. 


2    Properties  of  Carbohydrates  and  Proteins  as  Drug 
Delivery  Systems 

Carbohydrates  (the  building  blocks)  and  proteins  (the  working  machinery)  of 
living  cells  have  recently  been  of  great  interest  to  the  pharmaceutical  industry 
and  research  for  developing  drug  delivery  systems,  mainly  owing  to  their 
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abundance,  ease  of  availability,  cost-effectiveness,  low  toxicity,  ease  of  chemical 
modification  due  to  their  complex  heterogeneity,  and  versatile  routes  of  admin- 
istration [7,  15-18].  Most  carbohydrates  and  proteins  have  an  impeccable  capac- 
ity to  integrate  themselves  with  the  host  once  administered  and  can  be  easily 
absorbed,  digested/degraded  to  release  the  payload,  and  forms  harmless  by- 
products. Additionally,  the  availability  of  diverse  functional  groups  on  the 
surface  of  nanocarriers  developed  from  carbohydrates  and  proteins  makes  them 
interesting  ligands  for  targeted  and  site-specific  delivery  [7].  The  possibility  to 
modify  the  surface  helps  the  nanocarrier  to  avoid  its  capture  by  the  host  immune 
or  digestive  systems,  enabling  a  long  sustained  release  of  the  encapsulated 
molecule  [19]. 

The  major  carbohydrates  that  are  being  explored  as  drug  carriers  include 
chitosan  and  its  derivatives,  starch,  alginate,  hyaluronan  and  dextran.  Major  protein 
molecules  identified  as  useful  drug  carriers  are  gelatin,  albumin,  collagen,  fibrin/ 
fibrinogen,  and  milk  proteins  like  casein  and  whey  proteins.  Many  other  proteins 
like  apo-lipoproteins  and  molecules  of  plant  origin  are  also  being  investigated  for 
their  utility  in  drug  delivery.  Different  categories  of  carbohydrates  and  protein 
molecules  have  varying  degrees  of  drug  loading,  release,  stability,  and  circulation. 
These  properties  also  depend  upon  the  method  of  preparation  and  the  kind  of 
modifications  done  on  their  surface.  The  following  section  analyzes  the  utility  of 
the  major  carbohydrate  and  protein  drug  carriers  on  the  basis  of  the  essential 
hallmarks  mentioned  earlier. 


2.1    Drug  Loading 

The  quantity  of  drug  entrapped  within  a  nanocarrier  varies  according  to  the  nature 
of  the  carrier  and  the  drug  used,  the  method  and  conditions  of  particle  preparation 
and  its  surface  modifications.  Drug  loading  in  carbohydrate  and  protein 
nanocarriers  can  be  accomplished  by  two  different  methods:  (1)  the 
incorporation/active  method,  whereby  the  drug  is  loaded  during  preparation  of 
nanoparticles,  and  (2)  the  incubation/passive  method,  whereby  the  drug  is  loaded 
after  preparation  of  particles.  The  efficiency  of  drug  loading  is  found  to  be  maxi- 
mum for  the  incorporation  method,  but  is  also  greatly  influenced  by  the  method  of 
preparation.  For  systems  requiring  faster  release,  the  incubation  method  would  be 
ideal  because  this  involves  only  the  physical  adsorption  of  drugs  to  the  matrix. 
Various  other  processing  parameters  as  well  as  the  presence  of  additives  such  as 
stabilizers,  crosslinkers  etc.,  also  critically  influence  drug  loading.  Both  hydrophilic 
and  hydrophobic  drugs  can  be  incorporated  into  any  nanoparticulate  system  but,  as 
mentioned,  the  loading  efficiency  and  release  rate  is  dictated  by  the  matrix-drug 
interaction  and  the  nanoparticle  preparation  route. 
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2.1.1    Drug  Loading  Properties  of  Carbohydrates 

Chitosan,  a  versatile  cationic  polysaccharide  of  natural  origin,  is  extensively 
explored  for  loading  various  kinds  of  drug  molecules,  genes,  etc.  For  instance, 
cisplatin,  a  hydrophilic  drug,  was  loaded  into  chitosan  matrix  during  the  prepara- 
tion of  nanoparticles  with  an  encapsulation  efficiency  of  ~99%  [20].  It  was 
observed  that  neither  the  amount  of  crosslinker  nor  the  drug  had  any  effect  on 
drug  loading.  The  major  parameter  that  influenced  drug  loading  was  the  polymer 
concentration,  which  was  directly  proportional  to  the  percentage  drug  loading. 
Likewise,  other  hydrophobic  drugs  and  drugs  that  precipitate  in  acidic  pH  (such  as 
diclofenac  sodium)  were  also  loaded  into  chitosan  via  the  incubation  method.  In 
this  case,  the  influencing  parameter  was  the  crosslinker  concentration,  since  the 
drug  was  loaded  into  the  polymer  during  its  swelling  process.  Because  higher 
crosslinking  decreased  the  swelling,  the  loading  efficiency  was  proportionately 
reduced  [21].  Chitosan  as  well  as  derivatives  like  O-carboxymethylchitosan,  N,0- 
carboxymethylchitosan,  chitin,  etc.  in  nanoparticulate  form  have  also  demonstrated 
reasonable  success  in  the  encapsulation  and  delivery  of  various  types  of  anticancer 
drugs  (curcumin,  5-flurouracil,  and  polyoxometalates)  and  antibiotics  (tetracyline, 
etc.)  when  formulated  by  ionotropic  gelation  with  the  use  of  sodium 
tripolyphosphate  (TPP)  or  calcium  chloride  as  the  crosslinker  [22-24].  However, 
in  certain  cases,  the  drug  itself  can  act  as  a  crosslinker  for  the  polymer,  resulting  in 
its  high  entrapment.  For  instance,  in  the  case  of  polyoxometalate  (POM) -chitosan 
nanocomplex,  where  the  anionic  POM  is  crosslinked  with  cationic  chitosan,  a  good 
entrapment  of  ~65%  resulted  in  comparison  to  ~35%  with  the  use  of  the  routine 
crosslinker,  TPP  [25]. 

Similarly,  dextran,  a  bacterial  polysaccharide  with  neutral  charge  that  is  well 
known  for  its  degradability  by  dextranase,  biocompatibility,  and  nontoxicity,  has 
been  explored  for  drug  delivery  wherein  active  molecules  are  either  incorporated  or 
incubated  in  the  nanoparticles  [14,  26,  27].  Furthermore,  for  improved  bioavailabil- 
ity of  hydrophobic  moieties,  an  alternative  approach  of  covalent  or  non-covalent 
attachment  of  drug  molecules  along  dextran  chains  and  use  of  dextran  derivatives 
like  carboxymethyl  dextran  [28]  or  conjugates  of  dextran  with  other  carbohydrates 
like  chitosan  [29]  is  found  to  be  useful. 

Hyaluronan  (HA)  is  a  biodegradable,  biocompatible  linear  polysaccharide  that  is 
abundantly  present  in  the  extracellular  matrix,  connective  tissues,  and  organs  of  all 
higher  animals  and  is  metabolized  through  enzymatic  hydrolysis  [30,  31].  However, 
HA  being  a  carbohydrate  with  poor  biomechanical  properties,  is  less  explored  for 
drug  delivery  in  its  native  form.  To  facilitate  this,  various  chemical  modifications 
through  carboxyl  and  hydroxyl  groups  are  performed  to  obtain  mechanically  and 
chemically  robust  HA  derivatives  that  retain  the  biocompatibility  and  biodegrad- 
ability,  but  differ  considerably  in  their  physicochemical  properties.  Studies 
performed  with  hyaluronic  acid,  the  esterified  derivative  of  HA,  demonstrate  better 
encapsulation  of  hydrophilic  than  hydrophobic  drugs  due  to  the  partial  diffusion  of 
drug  molecules  from  the  aqueous  phase  to  the  external  continuous  oil  phase  during 
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emulsification  [32].  Also,  the  fact  that  HA  can  bind  to  specific  cellular  receptors 
such  as  CD44  makes  it  promising  for  targeting  antitumor  drugs  towards  various 
tumors  [33]. 

Starch  is  a  comparatively  less  explored  polymer  for  drug  delivery  due  to  its 
extreme  hydrophilicity.  Hence,  hydrophobically  modified  starch  derivatives  are 
attracting  interest  in  pharmaceutical  research,  due  to  their  better  entrapment  and 
sustained  release.  Studies  with  propyl-,  acetyl-,  and  hydroxyethyl-modified  forms 
of  starch  have  enabled  enhanced  entrapment  through  crosslinking  and  emulsion 
routes  of  preparation  [34,  35].  Drug  loading  can  also  be  improved  by  crosslinking 
anionic  starch  with  cationic  polymers  such  as  chitosan,  dextran,  etc.  [36,  37].  The 
parameters  that  crucially  influence  drug  loading  include  the  polymer-to-crosslinker 
ratio,  reaction  time,  and  temperature  [38,  39]. 

Alginate,  a  linear,  unbranched  polysaccharide  has  also  earned  considerable 
attention  in  biomedical  research  owing  to  its  biocompatibility  and  abundance. 
However,  this  carbohydrate  (as  in  the  case  of  starch)  is  afflicted  by  its  hydrophilic- 
ity. Nonetheless,  its  ability  to  form  a  gel  in  the  presence  of  cations  makes  it  a 
potential  candidate  for  drug  delivery.  The  mass  relation  between  calcium  (popu- 
larly used  as  crosslinker  for  alginate)  and  alginate  is  the  major  parameter  in 
determining  the  encapsulation  efficiency  [40,  41]. 

2.1.2    Drug  Loading  Properties  of  Proteins 

Owing  to  the  differing  molecular  weights,  chemical  complexity,  and  hydrophilicity, 
each  protein  exhibits  a  varying  degree  of  drug  loading  [4,  42,  43].  Albumin  is  a 
nontoxic,  biocompatible,  and  easily  metabolizable  protein  that  is  widely 
investigated  as  a  drug  carrier,  owing  to  its  abundance.  It  is  commercially  derived 
from  three  major  sources,  viz.,  egg  white  (ovalbumin),  bovine  serum  (BSA),  and 
human  serum  (HSA).  Albumin  is  an  interesting  drug  delivery  agent  mainly  because 
of  its  high  affinity  to  a  large  number  of  drugs  [42,  44].  It  contains  a  large  number  of 
charged  amino  acids  and  multiple  binding  sites,  making  it  ideal  for  binding  both 
positively  and  negatively  charged  molecules.  The  traditional  drug  encapsulation 
strategies  for  albumin-based  drug  carriers  is  to  either  entrap  the  drug  "inside"  the 
nanocarrier  or  to  attach  the  drug  "onto"  the  surface  of  the  proteins  [7].  Abraxane  is  a 
paclitaxel-albumin  conjugated  chemodrug,  prepared  by  nab  (nanoparticle  albumin- 
bound)  technology,  for  treating  advanced  breast  cancer  [45].  Nab  technology  -  the 
technique  of  conjugating  drug  molecules  onto  a  protein  surface  [46,  47]  -  also 
serves  as  the  platform  for  entrapping  other  anticancer  drugs  like  docetaxel, 
rapamycine,  topoisomerase  inhibitors,  and  other  taxanes  onto  albumin 
nanoparticles  [44,  48].  In  a  recent  study,  the  antiviral  drug  Ganciclovir  was 
entrapped  in  albumin  nanocarriers  at  an  efficiency  that  ranged  from  40  to  65% 
depending  on  the  method  of  its  preparation  [49].  A  high  entrapment  efficiency  of 
-80%  was  obtained  upon  loading  sodium  ferulate  in  albumin  nanoparticles 
subsequent  to  crosslinking  the  protein  molecules  with  glutaraldehyde  [50].  Like- 
wise, entrapment  and  loading  efficiencies  of  ~93%  and  27%,  respectively,  were 
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obtained  for  paclitaxel  in  folate-decorated  albumin  nanoparticles.  Such  a  high 
entrapment  efficiency  of  paclitaxel  can  be  attributed  to  the  high  ionic  interactions 
of  the  drug  with  the  reactive  side  chains  of  albumin  [51]. 

Gelatin,  a  denaturized  form  of  protein  obtained  from  collagen  by  either  acid  or 
alkaline  hydrolysis,  has  been  extensively  investigated  for  its  drug  bearing  and 
delivering  ability  [52].  Gelatin  is  rich  in  its  surface  composition  with  cationic, 
anionic  and  hydrophobic  domains  and,  hence,  is  regarded  as  a  poly  ampholyte. 
These  surface  groups  on  gelatin  are  readily  available  for  ligand  decoration  or 
drug  conjugation  [53].  Gelatin  nanoparticles  have  demonstrated  success  for  the 
delivery  of  a  large  category  of  drugs  including  anticancer  [54-56],  anti- 
inflammatory [57],  anti-HIV  [58],  and  antimicrobial  drugs  [59,  60],  as  well  as 
activators  and  growth  factors  [52,  61,  62].  Two  classical  methods  have  been 
adopted  for  drug  loading  in  gelatin  nanoparticles,  i.e.,  incorporation  of  the  payload 
within  the  crosslinked  gelatin  core,  and  the  use  of  hybrid  nanocarriers  by 
conjugating  gelatin  with  natural  or  synthetic  polymers.  Whereas  drug  loading  is 
typically  low  and  varies  between  25  and  40%  in  the  first  case,  the  use  of  hybrid 
nanocarriers  aids  in  high  drug  retention  in  the  gelatin  core  [58,  62,  63]. 

Collagen  is  the  parent  molecule  of  gelatin  and  the  most  abundant  natural  protein 
in  the  living  body,  comprising  of  20-30%  of  the  total  protein  pool  [64].  It  is  also 
widely  explored  for  applications  in  drug  delivery.  Biomedical  applications  of 
collagen  are  wide  and  varied,  ranging  from  implants,  shields,  particles,  drug- 
eluting  gels  and  sponges  to  films  [64,  65].  A  study  by  Kaufman  and  Gebhardt, 
using  cyclosporin  as  a  model  drug,  have  identified  collagen  as  an  ideal  delivery 
agent  for  hydrophobic  drugs  [66].  Entrapment  and  efficacy  of  cyclosporine 
entrapped  in  collagen  nanocarriers  were  found  to  be  significantly  high  [66,  67]. 
The  features  that  make  collagen  a  favorable  drug  delivery  system  for  hydrophobic 
payloads  are  its  small  size  with  high  surface  area,  high  adsorption  capacity,  and 
ability  to  dispense  in  water  to  form  a  clear  colloidal  solution  [68] .  Anticancer  drugs 
such  as  vinblastin  [69],  cisplatin  [70],  5-flourouracil  [71],  and  paclitaxel  have  been 
incorporated  within  a  collagen  matrix  for  localized  cancer  treatment.  In  addition  to 
antitumor  drugs,  antimicrobials,  tissue-regulating  agents,  and  growth  factors  have 
all  been  effectively  delivered  to  their  site  of  action  by  entrapping  them  in  a  collagen 
matrix  [64,  65,  72,  73]. 

Milk  proteins  routinely  transport  nutrients  to  the  digestive  system  in  bulk  and, 
hence,  are  the  natural  carriers  of  bioactive  molecules  in  the  human  body.  Two  kinds 
of  milk  proteins,  (flexible  caseins  and  globular  whey  proteins)  have  been  utilized 
for  drug  delivery  applications  by  mimicking  their  natural  transport  mechanism  [7, 
74,  75].  Caseins  are  exceptionally  surface  active  and  stable,  and  have  very  high 
water  and  ion  binding  capacity,  which  makes  them  favorable  candidates  for  drug 
delivery  [75].  Casein,  especially  P-casein,  is  valuable  in  the  oral  delivery  of 
hydrophobic  bioactives.  p-Casein  nanovehicles  for  mitoxantrone,  paclitaxel,  and 
vitamin  D  have  been  developed  [74,  76,  77].  Livney  et  al.  have  prepared  paclitaxel 
entrapped  in  a  highly  stable  formulation  of  p-casein,  with  an  entrapment  efficiency 
of  nearly  100%,  and  shown  its  activity  on  gastric  cancer  cell  lines  [77].  Whey 
proteins  have  also  emerged  successful  in  drug  delivery,  with  an  interesting 
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application  in  the  delivery  of  bioactive  bilberry  anthocyanins  by  protein  gels 
[78-80].  Kulozik  et  al.  in  2012  reported  the  development  of  a  novel  whey 
protein-based  aerogel  for  the  delivery  of  various  active  ingredients  [81]. 


2.2    Drug  Release  Properties 

The  major  factors  affecting  the  release  of  a  payload  from  a  polymeric  nanocarrier 
are:  (1)  degradation  rate  of  the  polymer,  (2)  diffusion  of  the  drug  from  the  matrix, 
and  (3)  surface  modification  of  the  drug  carrier.  When  nanoparticles  come  in 
contact  with  the  dissolution  medium,  weakly  bound  molecules  on  the  surface  of 
the  matrix  desorb  into  the  medium  resulting  in  burst  release.  Subsequently,  carbo- 
hydrate nanocarriers  become  hydrated  and  swell,  forming  a  gel  diffusion  layer  that 
hampers  the  outward  transport  of  the  drug  within  the  matrix  thereby  providing  a 
controlled  release  effect  [17].  Proteins  on  the  other  hand,  are  easily  digested  by 
endogenous  proteolytic  enzymes  of  the  host  thereby  may  result  in  a  faster  release. 
The  release  kinetics  can  be  altered  by  the  degree  of  crosslinking,  adequate  surface 
modification,  and  the  choice  of  the  matrix.  Figure  1  illustrates  the  different 
parameters  that  regulate  the  burst  release  or  slow  and  sustained  release  of  drugs 
from  within  carbohydrates  and  polymers. 

2.2.1    Drug  Release  from  Carbohydrates 

For  carbohydrates,  the  swelling  mechanism  (i.e.,  the  wetting),  which  results  in  loss 
of  integrity  of  the  matrix  (mainly  for  hydrophilic  polymers),  can  be  reinforced  by 
aiding  proper  crosslinking.  Since  release  is  carried  out  in  the  aqueous  media,  the 
hydrophilic  drug  moieties  show  a  faster  release  from  the  matrix  than  hydrophobic 
drugs.  This  is  illustrated  through  the  drug  release  experiment  carried  out  using 
propyl  starch  and  three  model  drugs,  i.e.,  flufenamic  acid,  testosterone,  and  caffeine 
(Fig.  2).  The  hydrophobic  drugs  flufenamic  acid  and  testosterone  showed  a 
sustained  release  with  nearly  null  burst  effect,  whereas  the  hydrophilic  drug  caf- 
feine showed  a  much  faster,  yet  linear  release  within  the  first  10  h  before  it  reached 
a  plateau  phase  [35]. 

The  release  rate  is  also  observed  to  be  inversely  proportional  to  the  molecular 
weight  of  the  encapsulated  drug  molecule  [82].  The  rate  of  drug  release  can  also  be 
varied  by  altering  the  drug-polymer  interaction  as  well  as  by  chemically 
immobilizing  the  drug  to  the  polymer  backbone  using  the  reactive  functional 
groups,  for  example,  the  carboxylate  groups  in  alginate  [83,  84].  Other  than 
swelling,  degradation  can  also  occur  due  to  the  natural  enzymatic  splitting  of 
polysaccharide  bonds.  Drug  release  occurring  via  matrix  degradation  can  be  con- 
trolled through  appropriate  modifications  of  the  native  molecule  [85].  Surface 
engineering  or  modification  of  nanocarriers  with  carbohydrates  is  yet  another 
alternative  for  obtaining  sustained  drug  release  [86].  For  certain  carbohydrates 
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Fig.  1  Factors  that  regulate  drug  release  from  within  biopolymeric  matrices  so  that  release  is 
rapid  or  slow  and  sustained 

such  as  chitosan,  its  mucoadhesive  property  plays  an  important  role  in  attaining 
controlled  release,  making  it  an  excellent  system  for  oral,  nasal,  and  ocular  drug 
delivery  [87]. 

Apart  from  these  properties,  the  release  kinetics  can  be  manipulated  in  such  a 
way  that  drug  release  occurs  due  to  a  trigger  from  an  environmental  stimulus  like 
pH,  temperature,  etc.  [88].  The  thermoresponsive  graft  co-polymeric  5-FU-loaded 
nanoparticles  made  from  chitosan-g-poly(A/-vinylcaprolactam),  prepared  by  an 
ionic  crosslinking  method,  showed  a  lower  critical  solution  temperature  (LCST) 
at  38°C,  with  a  prominent  in  vitro  drug  release  above  LCST  [89].  Camptothecin- 
loaded  poly(A^-isopropylacrylamide)  (PNIPAAm)/chitosan  nanoparticles  were 
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Fig.  2  Release  profile  of  FFA  (filled  squares),  testosterone  (open  squares),  and  caffeine  (crossed 
squares)  from  propyl  starch  nanoparticles  [35] 

developed  as  pH  sensitive  carriers  for  specifically  targeting  tumors,  providing  an 
optimum  drug  release  at  pH  6.8  and  decreased  release  either  below  pH  6.5  or  above 
pH  6.9at37°C  [90]. 

When  sustained  drug  release  using  simple  dissolution  mechanisms  such  as 
diffusion,  erosion,  membrane  control,  or  osmotic  systems  becomes  difficult,  retar- 
dation mediated  by  ionic  interactions  could  provide  an  ideal  alternative  for 
attaining  controlled  release.  This  can  be  facilitated  by  the  use  of  oppositely  charged 
drug  and  polymeric  excipients.  For  cationic  drugs,  polymers  such  as  starch, 
poly  aery  lates,  sodium  carboxymethylcellulose,  or  alginate  can  be  used  as  the 
matrix,  with  chitosan  being  the  best  option  for  anionic  drugs.  Development  of 
high  density  complexes  using  both  cationic  and  anionic  polymeric  excipients 
could  also  slow  down  the  release  [91,  92].  Instead  of  anionic  polymers,  multivalent 
inorganic  anions  such  as  tripolyphosphate  or  sulfate  can  also  be  used  to  achieve 
similar  effects  [17,  36,  37]. 


2.2.2    Drug  Release  from  Proteins 

In  a  study  that  investigates  the  factors  affecting  the  release  of  several  anti- 
microbials from  albumin  microspheres,  it  was  concluded  that  the  denaturation 
temperature,  time,  concentration  of  crosslinking  agents,  agitation  of  the  release 
medium,  and  presence  of  proteolytic  enzymes  impact  the  release  profile  consid- 
erably, with  drug  leaching  from  the  granular  matrix  as  the  key  method  of  drug 
release  [93].  Similar  conclusions  were  drawn  in  another  study  investigating  the 
influence  of  physiochemical  parameters  on  the  release  of  hydrocortisone  acetate 
from  albumin  microspheres.  They  observed  that  the  release  from  the  micro- 
spheres is  initially  Fickian,  then  becomes  zero  order,  and  finally  is  exponentially 
correlated  with  time  [94] . 
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Gelatin,  which  forms  thicker  gel  matrices,  usually  is  associated  with  a  much 
longer  and  sustained  drug  release  profile.  In  a  phase  II  clinical  trial,  an  improved 
angiogenesis  was  seen  in  patients  with  critical  limb  ischemia,  with  a  sustained 
release  of  fibroblast  growth  factor  (FGF)  from  gelatin  carrier  gels  [95].  The  most 
important  parameter  that  affects  drug  release  from  gelatin  hydrogels  is  the  degree  of 
crosslinking,  which  in  turn  affects  parameters  such  as  degradation  rate,  thickness  of 
the  gel,  and  diffusion  of  the  drug  [96,  97].  Another  study  demonstrated  the 
sustained  release  of  human  growth  hormone  (hGH)  from  collagen  thin  films,  aiding 
better  wound  healing  in  db/db  mice.  From  the  collagen  film  prepared  by  air  drying, 
hGH  was  secreted  for  3  days  in  a  sustained  manner,  resulting  in  better  wound 
healing  with  a  single  administration  of  the  therapeutic  [98].  This  apart,  gelatin  and 
modified  gelatin  (thiol,  PEG)  in  nanoparticulate  form  has  demonstrated  good 
success  in  the  delivery  of  various  hydrophobic  and  hydrophilic  drugs  as  well  as 
for  intracellular  DNA  delivery  [99-101].  The  degree  of  crosslinking  and  the 
hydrophilicity  of  gelatin  regulated  the  release  of  the  drugs  from  within  the  matrix. 

Unlike  other  proteins,  caseins  and  whey  proteins  are  mainly  administered  orally. 
Hence,  drug  release  from  these  carriers  mainly  depends  upon  the  digestion  of  the 
carrier,  which  is  usually  a  rapid  process  [74].  Casein  and  whey  proteins  form 
matrices  that  protect  the  drugs  from  the  harsh  environment  of  the  stomach  and 
intestine. 


2.3    Stability  of  Nanocarriers 

The  most  important  consideration  in  developing  a  pharmaceutical  formulation  is  its 
long-term  stability,  which  is  important  from  two  different  viewpoints:  (1)  stability 
of  the  nanocarriers  during  storage  as  well  as  in  vivo  and  (2)  stability  conferred  by 
the  nanocarrier  to  the  loaded  drug.  In  both  situations,  the  chemical  structure  of  the 
parent  molecule,  the  extent  of  crosslinking,  and  the  physical  integrity  of  the  drug 
and  nanocarrier  should  be  intact  for  a  long  time  during  storage  and  inside  the  host 
environment.  This  is  a  great  obstacle  when  considering  a  translation  of 
nanoformulations  for  clinical  applications  and,  hence,  it  is  essential  to  devise  new 
strategies  to  alleviate  these  issues.  The  stability  of  nanoformulations  is  estimated  by 
assessing  the  influence  of  temperature  and  humidity  on  various  parameters  such  as 
particle  size,  zeta  potential,  drug  content,  viscosity,  pH,  etc.  Biological  stability,  i.e. 
the  ability  of  the  matrix  to  confer  sustained  release  even  when  exposed  to  a  harsh 
environment  containing  degrading  enzymes,  is  also  an  important  concern  that  needs 
to  be  addressed. 


2.3.1    Stability  of  Carbohydrates 

To  solve  the  issues  related  to  the  physical  instability  of  carbohydrate  nanocarriers, 
appropriate  surface  modification,  for  example  glycosylation,  seems  to  be  one  of  the 
promising  strategies  [86,  87].  Likewise,  for  addressing  biological  instability  issues, 
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the  commonly  adopted  strategy  is  to  modify  the  native  material.  For  example, 
starch  can  be  easily  degraded  in  presence  of  the  enzyme  amylase,  which  acts  on 
its  hydroxyl  groups.  Hence,  in  order  to  obtain  a  slower  release,  the  hydroxy  1  groups 
of  starch  are  modified  with  propyl,  ethyl,  or  acetyl  groups,  thereby  reducing  both  its 
hydrophilicity  and  degradation  rates  [34,  35]. 

A  study  by  Wilson  et  al.  reports  that  chitosan  nanoparticles,  intended  for  the  release 
of  the  anti- Alzheimer  drug  tacrine,  prepared  through  spontaneous  emulsification  are 
stable  at  different  temperatures  (15-20°C,  3-5° C  and  37° C),  with  no  significant 
change  in  physical  appearance,  particle  size,  drug  content,  or  chemical  interaction 
between  drug  and  polymer  over  a  period  of  3  months  [102].  A  study  by  Prego  et  al. 
suggested  high  stability  for  ionically  crosslinked  polyethylene  glycol  (PEG)-grafted 
chitosan  as  a  gene  carrier  [103].  Surface  modification  of  polylactic  acid  (PLA) 
nanoparticles  was  done  by  using  covalent  attachment  of  PEG  to  PLA  and  physical 
adsorption  of  water-soluble  chitosan  (WSC)  to  the  particle  surface.  Two  types  of 
WSC,  cationic  partially  deacetylated  chitin  (PDC)  and  anionic  TV-carboxy  propionyl 
chitosan  sodium  (CPCTS),  were  investigated.  The  presence  of  WSC,  whether  alone  or 
with  PEG,  highly  improved  the  surface  hydrophilicity  as  well  as  suspension  stability 
of  the  nanoparticles  [104].  Studies  on  nanoparticles  of  dextran  esters  for  drug  delivery 
suggests  that  better  colloidal  stability  can  be  attained  when  a  dextran  ester  of  low 
degree  of  substitution  is  used  in  the  aqueous  phase,  independent  of  the  degree  of 
substitution  of  the  dextran  ester  present  in  the  core  of  the  particle  [27] . 


2.3.2    Stability  of  Proteins 

Proteins  as  biomolecules  are  always  liable  to  enzymatic  degradation  and  digestion 
as  well  as  to  changes  in  pH  and  temperature.  On  the  other  hand,  the  use  of  protein 
nanocarriers  to  entrap  drug  molecules  will  help  evade  its  uptake  by  the  immune 
system,  prevent  opsonization  and  its  subsequent  phagocytosis  to  a  great  extent, 
improve  circulation  of  the  drug  by  renal  and  hepatic  re-absorption,  and  much  more. 
Several  techniques  have  been  proposed  in  the  literature  to  prevent  the  acid  or 
enzymatic  degradation  of  protein  nanocarriers  [62,  93,  105,  106]. 

Physical  integrity  of  the  nanocarriers  depends  upon  the  preparation  route  and  the 
kind  of  crosslinker  used.  For  gelatin,  it  is  found  that  the  use  of  gluteraldehyde  (GA) 
improves  the  stability  of  the  nanocarriers.  The  encapsulated  drug  also  alters  the 
stability  of  the  carrier,  as  in  the  case  of  encapsulated  doxorubicin  improving  the 
stability  of  GA  crosslinked  gelatin  nanocarriers.  This  is  believed  to  be  because  of 
the  competition  between  the  free  amino  groups  of  gelatin  and  doxorubicin  during 
the  crosslinking  process  [7,  54].  However,  the  use  of  GA  for  controlling  nanoparti- 
cle  resiliency  is  a  concern  owing  to  its  cytotoxicity  and  the  fact  that  it  may  react 
undesirably  with  the  therapeutic  agents  entrapped  within  the  nanoparticles  [107]. 
To  address  this  concern,  several  cationic  polymers  such  as  polyethyleneimine  (PEI) 
and  poly-L-lysine  (PLL),  have  been  used  for  crosslinking  purpose,  thereby  enhanc- 
ing the  stability  of  drug-loaded  nanocarriers  [108].  In  a  more  recent  study,  the 
thermal  and  mechanical  properties  of  gelatin  hydrogels  were  improved  by 
crosslinking  them  with  biodegradable  cellulose  nano whiskers  [109]. 
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Albumin  nanocarriers  are  naturally  stable,  and  that  is  one  of  the  main  reasons 
why  they  are  used  for  the  delivery  of  nucleotides  across  the  nuclear  membrane  as 
well  as  to  deliver  drugs  across  the  blood-brain  barrier  [48,  110].  Albumin 
nanoparticles  showed  no  change  in  particle  size  when  stored  either  in  aqueous 
solution  for  6  months  at  4°C  or  as  lyophilized  powder  [111,  1 12].  Conjugation  with 
carbohydrates  or  a  high  degree  of  crosslinking  could  further  enhance  the  stability  of 
albumin  nanocarriers.  A  simple  self-assembled  crosslinking  of  dextran  and  albumin 
with  the  hydrophobic  drug  ibuprofen  enhanced  the  stability  and  drug-loading 
capacity  of  the  resulting  nanocarrier  [113].  Cationic  biomaterials  such  as  PEI 
have  been  used  for  crosslinking  the  anionic  protein  BSA,  providing  protection 
against  enzymatic  degradation  [114].  The  use  of  another  cationic  polymer,  PLL, 
instead  of  PEI,  for  coating  BSA  nanoparticles  enhanced  its  proteolytic  resistance, 
yielding  more  stable  nanoparticles  [107].  It  was  observed  that  the  aqueous  solution 
stability  of  BSA  nanoparticles  increased  with  increasing  PLL  molecular  weight  and 
concentration,  as  depicted  in  Fig.  3,  wherein  a  continuous  release  of  FITC-BSA 
was  demonstrated  from  0.9  kDa  PLL-coated  BSA  nanoparticles  in  phosphate  buffer 
(pH  7.4)  and  almost  no  release  of  FITC-BSA  from  4.2,  13.8  and  24  kDa  PLL- 
coated  BSA  nanoparticles  after  3  days. 
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Fig.  3  Stability  of  PLL-coated  BSA  nanoparticles  based  on  release  profile  of  FITC-BSA  from  the 
nanoparticles  in  phosphate  buffer  (pH  7.4).  PLL  of  molecular  mass  0.9  kDa  (a),  4.2  kDa  (b),  13.8  kDa 
(c),  and  24  kDa  (d)  at  concentrations  of  0.1  mg/mL  (filled  circles),  0.3  mg/mL  (open  circles),  and 
1.0  mg/mL  (filled  inverted  triangles)  were  used  for  coating  onto  BSA  nanoparticles  [107] 
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Unlike  any  other  proteins  used  in  drug  delivery,  milk  protein  casein  is  not 
sensitive  to  temperature  or  mild  pH  changes.  In  a  study  investigating  the  stability 
of  casein  nanocarriers  over  a  broad  pH  range  of  6.5-12,  it  was  noted  that  pH 
changes  do  not  alter  the  properties  of  these  nanocarriers  [115].  Casein  is 
stable  up  to  70°C,  beyond  which  it  shows  considerable  degradation  [75].  With 
long-term  lyophilized  storage,  casein  itself  acts  as  a  cryoprotectant.  Celecoxib- 
loaded  P-casein  nanoparticles  were  cryopreserved  for  6  months  and  easily 
re-suspended  on  rehydration  [116].  Caseins  are  also  well  known  for  protecting 
the  payload  even  under  harsh  environments,  for  example,  its  effective  protection  of 
vitamin  D2  and  1 ,4-dihydroxyanthraquinone  (DHA)  against  U V-induced  degrada- 
tion [117]. 


2.4    Circulation  of  Nanocarriers 

The  activity  of  a  drug  in  the  host  is  best  measured  in  terms  of  their  plasma  half  life 
(ti/2)  and  its  plasma  concentration.  Many  drugs  have  very  low  ty2  values,  once 
exposed  to  the  host  environment  because  they  are  metabolized,  degraded,  or  cleared 
by  the  local  system,  thereby  limiting  their  clinical  activity  to  a  very  short  duration, 
sometimes  as  low  as  minutes.  Entrapping  such  fast-clearing  drugs  within 
nanocarriers  helps  to  confine  the  drug  in  its  active  state  within  the  matrix,  and 
sustained  release  from  these  carriers  ensures  clinical  activity  for  longer  durations. 
However,  a  major  obstacle  in  the  development  of  polymeric  nanoparticles  as 
effective  drug  delivery  carriers  is  their  rapid  clearance  from  blood.  Blood  circula- 
tion residence  time,  which  ultimately  leads  to  a  high  therapeutic  index,  is  one  of  the 
important  factors  that  determine  the  clinical  success  of  a  pharmaceutical  formula- 
tion. Surface  modification  or  functionalization  of  nanoparticles  helps  in  increasing 
the  mean  residence  time  of  particles  in  blood  by  imparting  "stealth"  (shielding  of 
the  particle  surface  with  a  coating  material)  or  sterically  stabilized  properties  to 
nanoparticles  [106]. 

Carbohydrates  and  proteins  could  be  potential  candidates  for  successful  drug 
delivery  due  to  their  abundance  of  functional  groups  that  can  act  as  ligands  for 
surface  modification.  Such  surface-modified  nanocarriers  would  block  the  serum 
proteins  (opsonins)  from  binding  to  them  and  remain  camouflaged  to  phagocytic 
cells,  thereby  reducing  their  rapid  clearance  from  the  blood  stream.  Delays  in 
opsonization  can  be  achieved  either  through  the  adsorption  of  polymers  or 
surfactants  on  nanocarrier  surfaces  via  covalent  or  non-covalent  attachment  of 
molecules.  Although  one  of  the  most  widely  utilized  strategies  is  adsorption  or 
grafting  of  PEG  molecules  on  the  nanocarrier  surface,  appropriate  surface  modifi- 
cation of  the  nanocarriers  using  carbohydrates  can  also  help  evade  opsonization 
[118]. 

In  addition  to  surface  modification,  particle  size  is  another  key  factor  that 
affects  the  circulation  time  of  nanocarriers.  The  smaller  the  particle  size,  the 
lesser  will  be  the  protein  adsorption  and  slower  the  clearance.  To  demonstrate 
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this  fact,  poly  (cyanoacrylate-c6>-/?-hexadecyl)cyanoacrylate  (PHDCA)  particles 
with  different  sizes,  i.e.,  small  (<100  nm),  medium  (100-200  nm)  and  large 
(>200  nm),  were  incubated  with  serum  proteins  for  2  h  yielding  protein  adsorp- 
tion values  of  6%,  23%,  and  34%,  respectively.  A  significant  correlation  between 
size  and  protein  adsorption  was  clearly  apparent.  This  was  further  confirmed  by 
the  particle  uptake  in  murine  macrophages  and  its  blood  clearance  kinetics.  The 
experiments  helped  to  conclude  that  particles  with  appropriate  surface  modifica- 
tion and  size  less  than  100  nm  showed  less  protein  adsorption,  rendering  longer 
circulation  time.  Apart  from  hydrophilic  coatings  and  size,  surface  charge  also 
plays  a  significant  role  in  the  clearance  of  nanoparticles  from  circulation.  Nonspe- 
cific cellular  internalization  and  protein  adsorption  during  circulation  can  be 
affected  by  altering  the  surface  charge  of  nanocarriers.  The  particles  with  higher 
positive  charge  are  prone  to  have  a  rapid  uptake  by  phagocytic  cells,  as  compared 
to  negative  or  neutral  particles,  resulting  in  shorter  blood  circulation  half-lives 
[13,  119]. 


2.4.1    Circulation  of  Carbohydrates 

In  addition  to  being  a  promising  matrix  for  drug  delivery,  carbohydrates  also  offer 
methods  for  improving  the  blood  residence  time  of  nanocarriers  through  glycosyl- 
ation  [86].  Glycosylated  nanocarriers  have  the  additional  attributes  of  improving 
the  pharmacokinetic  profile  of  drugs,  providing  carrier  stabilization  as  well  as 
receptor-targeted  drug  delivery. 

Linear  dextrans  that  are  frequently  used  as  plasma  expanders  in  medicine  can 
remain  in  the  systemic  circulation  for  extended  periods  of  time  that  are  proportional 
to  their  molecular  weights.  The  steric  brushes  of  the  dextran  macromolecules  have 
shown  enhanced  stability  with  reduced  protein  adsorption  for  various  drugs,  nano- 
particles (iron  oxide,  liposomes),  etc.  [120,  121].  A  bacterial  exopolysaccharide, 
i.e.,  pullulan,  which  forms  conjugates  with  cholesterol  has  also  been  reported  to 
confer  protection  to  liposome  surfaces  and  reduce  macrophage  uptake  in  vivo  [122]. 
This  apart,  carbohydrate  moieties  such  as  mannose,  galactose,  etc.  have  been 
extensively  explored  for  their  potential  use  as  active  targeting  ligands  that  bind 
specifically  to  cell  surface  receptors  and  deliver  therapeutic  agents  at  the  desired 
site  [123-125]. 

A  combinatorial  coating  of  PEG  and  cationic  WSC,  on  PL  A  nanoparticles,  has 
yielded  greatly  prolonged  circulation  time  for  the  nanocarriers  in  vivo.  In  contrast  to 
PLA  nanoparticles  treated  with  PEG  or  WSC  alone,  PEG  and  WSC  synergistically 
provided  a  strong  inhibition  of  macrophage  uptake  and  extended  the  circulation 
half-life  up  to  63.5  h,  with  concomitant  reduced  liver  sequestration.  This  ty2  value 
was  much  longer  than  that  of  control  PEG/PVA  nanoparticles  (1.1  h)  as  well  as  that 
of  PLA  nanoparticles  stabilized  with  PEG/CPCTS  (anionic  TV-carboxy  propionyl 
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chitosan  sodium)  (7.1  h),  thereby  proving  the  effect  of  surface  stabilization  in 
developing  long-circulating  drug  delivery  carriers  [85,  104,  126]. 

2.4.2    Circulation  of  Proteins 

Long-term  retention  of  protein  nanoparticles  in  host  blood  circulation  is  essentially 
governed  by  the  surface  properties,  which  makes  them  vulnerable  to  macrophage 
uptake,  enzymatic  degradation,  and  renal  or  hepatic  clearance.  However,  by  appro- 
priate surface  modification  and  targeting  strategies,  such  uptake  and  clearance  can 
be  alleviated  to  a  certain  limit. 

In  an  attempt  to  demonstrate  this,  Amiji  et  al.  prepared  PEG-modified  gelatin 
nanoparticles  and  observed  that  modification  of  gelatin  using  hydrophilic  PEG 
molecules  helped  to  effectively  evade  proteolytic  enzymes  by  steric  repulsion 
[105].  The  biodistribution  studies  using  these  PEGylated  nanoparticles  revealed 
their  long  circulation,  with  a  half  life  of  15-39  h  [127].  The  targetability  of  PEG- 
coated  gelatin  nanocarriers  was  also  assessed  in  a  different  study,  wherein  the 
surface-modified  nanoparticles  were  found  to  have  the  capacity  to  accumulate  at 
the  tumor  site  and  remain  at  this  site  up  to  12  h  [128].  A  significant  prolongation  in 
blood  circulation  of  ibuprofen  sodium  (IbS)-loaded  gelatin  nanoparticles  was 
observed  upon  PEGylation,  providing  a  sustained  release  of  IbS  for  ~96  h,  thereby 
improving  the  bioavailability  and  pharmacokinetics  of  the  drug  when  compared  to 
bare  IbS  and  non-PEGylated  nanoparticles  (Narayanan  et  al.  2012,  unpublished). 

Albumin  is  a  natural  long-circulating  polymer  with  a  plasma  half  life  of  19  days 
[7,  48,  110].  In  a  recent  study,  the  plasma  half  -life  of  cisplatin  was  found  to  be 
enhanced  from  65  min  to  24  h,  when  entrapped  within  folate-conjugated  albumin 
nanoparticles  [129].  Chemical  conjugation  of  PEG  to  albumin  also  increases  its 
circulation  capabilities  at  least  fivefold,  reduces  its  immunogenicity,  and  augments 
the  enhanced  permeability  and  retention  effect  and  thereby  tumor  localization 
[130].  In  another  study,  PEGylated  albumin  nanocarriers  ensured  a  slower  release 
of  Rose  Bengal,  even  in  the  presence  of  proteolytic  enzymes,  suggesting  the  effect 
of  steric  hindrance  offered  by  PEG  [131].  These  examples  suggest  that  surface 
modification  of  protein  nanocarriers  either  by  polymers  like  PEG,  PLL,  and  PVA  or 
by  targeting  ligands  establishes  a  barrier  between  the  carrier  and  its  surroundings, 
thus  reducing  its  chances  of  detection  by  the  immune  system  or  by  enzymes, 
thereby  rendering  a  longer  circulation  and  targetability  for  the  nanoparticles. 


3    Formulational  Approach 

Hydrophilic  and  hydrophobic  drugs  can  be  encapsulated  within  carbohydrate  or 
protein  nanocarriers  in  several  ways  [16,  35,  86,  87].  However,  the  selection  of  a 
specific  route  of  synthesis  depends  upon  various  requirements  including  particle 
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Fig.  4  Representative  formulation  strategies  and  their  characteristics  for  preparing  nanocarriers 


size,  stability  (both  physical  and  chemical),  reproducibility,  and  release  kinetics, 
with  the  nature  of  the  drug  to  be  encapsulated  (hydrophobic  or  hydrophilic)  and  the 
route  of  drug  administration  being  the  most  important  criteria.  Figure  4  depicts 
typical  formulation  strategies  adopted  for  the  synthesis  of  drug-loaded  carbohydrate 
or  protein  nanocarriers;  which  are  detailed  in  the  following  section. 


3.1    Emulsion  Crosslinking 

Emulsion  preparation  is  probably  the  most  important  step  in  the  development  of 
nanoparticles.  Stable  emulsions  can  be  obtained  using  rudimentary  techniques  such 
as  stirring  and  the  latest  technologies  like  homogenization  and  extrusion,  but  with 
varying  accuracy,  efficiency,  and  properties.  Emulsion  coupled  with  crosslinking  is 
reported  to  provide  nanocarriers  with  higher  drug  encapsulation  efficiency  and 
stability  than  the  emulsion  technique  alone.  Depending  upon  the  nature  (hydro- 
philic/hydrophobic)  of  the  active  molecule  to  be  encapsulated,  either  a  water  in  oil 
(w/o)  or  oil  in  water  (o/w)  emulsion  technique  can  be  adopted  [16,  35,  86,  87]. 
Additionally,  the  formed  emulsions  can  be  stabilized  through  the  use  of  appropriate 
surfactants  and  crosslinking  agents.  This  method  helps  to  control  particle  size  as 
well  as  drug  release  by  tuning  the  solvent: antisolvent  ratio,  concentrations  of 
polymer  and  crosslinker,  and  the  stirring  speed.  The  advantages  of  this  technique 
include  high  batch-to-batch  reproducibility  and  ease  of  scaling  up.  However,  this 
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method  has  a  few  drawbacks,  including  incomplete  removal  of  solvents,  un-reacted 
excipients,  etc.  Overall,  the  efficacy  of  this  method  can  be  improved  via  the  proper 
choice  of  dispersing  phase,  continuous  phase,  phase  ratio,  and  surfactants. 
Chitosan-PEG  nanocapsules  prepared  through  the  emulsion  route  for  the  oral 
delivery  of  peptides  resulted  in  stable  nanoparticles  with  improved  in  vitro  stability 
[103].  Likewise,  various  other  carbohydrates  such  as  dextran,  hyaluronan,  and 
starch  have  also  been  prepared  as  stable  nanoformulations  by  adopting  the  emulsion 
route  [32,  132].  Crosslinking  of  gelatin  using  transglutaminase  is  a  novel  concept. 
Fuchs  et  al.  detailed  the  interaction  in  gelatin-glutaminase  crosslinking,  and  pro- 
posed it  to  be  stronger  and  more  biocompatible  than  the  conventionally  used 
glutaraldehyde  for  gelatin  nanoparticle  production.  [133]. 


3.2    Ionic  Gelation 

This  technique,  which  works  through  the  complexation  between  oppositely 
charged  molecules,  has  gained  wide  attention  due  its  simple  and  mild  processing 
routes.  In  this  method,  the  polymer  solution  is  added  to  an  oppositely  charged  ionic 
solution,  resulting  in  ionic  gelation  followed  by  precipitation,  yielding  spherical 
particles.  Particle  size  is  mainly  dictated  by  the  polymer  and  crosslinker 
concentrations.  One  of  the  main  advantages  of  this  technique  is  its  reduced  toxicity 
due  to  the  reversible  physical  crosslinking  by  electrostatic  interaction  rather  than 
chemical  crosslinking,  which  eliminates  the  use  of  harsh  chemicals.  However,  the 
same  is  also  disadvantageous,  since  this  results  in  particles  with  poor  mechanical 
stability  [16,  35,  86,  87]. 

Studies  have  reported  a  better  encapsulation  for  poorly  soluble  drugs  like  1,4- 
dihydroxyanthraquinone  (DHA)  by  forming  complexes  between  anionic  starch  and 
cationic  cyclodextrin  derivatives  via  ionic  gelation  [36].  Similarly,  chitosan 
nanoparticles  prepared  using  the  polyanionic  crosslinker  tripolyphosphate  resulted 
in  stable  nanoparticles  with  better  encapsulation  efficiency  and  reduced  toxicity, 
with  BSA  as  a  model  drug  [134].  Zorzi  et  al.  developed  new  hybrid  nanoparticles 
via  ionic  gelation  between  cationized  gelatin  and  the  anionic  polysaccharides, 
dextran  sulfate  and  chondroitin  sulfate  for  delivery  of  plasmid  DNA  (pEGFP)  to 
the  ocular  surface  [63].  Ionically  crosslinked  casein  nanoparticles  loaded  with  the 
anti-androgen  flutamide,  showed  satisfactory  entrapment  efficiency  with  a  positive 
zeta  potential,  good  colloidal  stability,  and  prolonged  in  vitro  drug  release.  After 
intravenous  administration  into  rats,  pharmacokinetic  parameters  revealed  that 
flutamide-loaded  casein  nanoparticles  were  well  tolerated  without  any  side  effects 
and  showed  a  longer  circulation  time  relative  to  flutamide-free  solution,  suggesting 
that  ionically  crosslinked  casein  nanoparticles  may  have  a  promising  future  as 
carriers  for  hydrophobic  drugs  [1]. 
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3.3  PrecipitationlCoacervation 

This  method  utilizes  the  physical  property  of  the  polymer,  whereby  the  polymer  in 
its  solvent  is  dispersed  into  a  non-solvent  (a  solvent  that  precipitates  polymer)  and 
the  nanoparticles  are  formed  spontaneously  during  the  phase  separation,  popularly 
known  as  the  Marangoni  effect.  The  resultant  particles  can  be  stabilized  by  the  use 
of  surfactants,  and  size  can  be  controlled  mainly  by  tuning  the  solvent :antisol vent 
ratio.  The  formed  particles  are  separated  and  purified  by  filtration  or  centrifugation 
and  washing.  This  route  is  suitable  for  encapsulating  both  hydrophilic  and  hydro- 
phobic drugs,  depending  on  the  choice  of  solvents.  The  main  advantage  of  prepar- 
ing nanoparticles  through  precipitation  is  the  narrow  size  distribution  of  the 
particles  [16,  35,  86,  87].  A  study  by  Zhang  et  al.  suggests  that  the  copolymeric 
carrier  of  starch/alginate/chitosan,  prepared  through  coacervation  is  a  better  system 
for  the  intestinal  delivery  of  proteins  and  peptides  [135].  Proteins  such  as  gelatin, 
collagen,  and  albumin  are  more  often  prepared  by  a  modified  precipitation  or 
coacervation  technique  [136]. 


3.4    Spray  Drying 

This  is  a  fast,  simple,  and  reliable  technique  for  producing  drug-loaded  nanocarriers 
in  powdered  form.  The  polymer  as  well  as  the  drug  are  dissolved  in  their  respective 
solvents,  blended,  and  then  atomized  under  a  stream  of  hot  air,  yielding  small 
droplets.  During  atomization,  the  solvent  evaporates  instantaneously  and  forms  a 
free-flowing  powder.  Desired  particle  size  can  be  obtained  by  varying  the 
processing  parameters  such  as  size  of  the  nozzle,  spray  flow  rate,  atomization 
pressure,  inlet  air  temperature,  and  extent  of  crosslinking  [16,  35,  86,  87]. 

Alginate  nanoparticles  were  successfully  prepared  using  a  spray  drying  tech- 
nique, yielding  submicron  sized  particles  of  mean  diameter  ~700  nm  [135].  Spray 
drying  is  the  most  commonly  used  encapsulation  technique  for  food  products  [137]. 
Among  the  available  biopolymers  used  for  spray  drying  applications,  the  most 
exploited  ones  for  encapsulating  food  oils  and  flavors  are  carbohydrates,  including 
modified  and  hydrolyzed  starches,  cellulose  derivatives,  gums,  and  cyclodextrins; 
and  proteins  such  as  whey  proteins,  caseinates,  and  gelatin  [138,  139]. In  addition, 
protein-loaded  lipid/chitosan  nanoparticle  complexes  were  efficiently 
microencapsulated  using  the  spray  drying  technique  for  pulmonary  delivery  of 
insulin  [140]. 

Figure  5  illustrates  how  hydrophilic  and  hydrophobic  drugs  can  be  loaded  within 
biopolymers  that  are  hydrophilic  or  hydrophobic  by  adopting  these  various  methods 
of  synthesis. 
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Fig.  5  Loading  of  hydrophilic  or  hydrophobic  drugs  within  biopolymers  having  different 
hydrophilicities,  and  the  choice  of  synthesis  routes 


4    Toxicological  Evaluation 


Nanomaterials  have  evolved  as  a  revolutionary  technology  in  various  realms  of 
medicine  ranging  from  drug  or  gene  encapsulation  and  delivery  to  tissue  engineer- 
ing and  medical  diagnosis  and  therapy.  This  intensive  expansion  of  nanotechnology 
in  the  pharmaceutical  industries  and  medical  field  necessitates  an  understanding  of 
the  potential  toxicity  of  engineered  nanomaterials,  i.e.,  their  biokinetic  evaluation. 
The  toxicity  concerns  about  nanomaterials  remain  one  of  the  major  hurdles  in  the 
translation  of  nanomedicines  for  human  use  and  this  involves  physiological,  physi- 
cochemical,  and  molecular  considerations  [141-143]. 

Material  characteristics  such  as  size,  shape,  chemical  composition,  surface 
chemistry,  roughness,  and  surface  functionalizations  profoundly  influence  the 
interactions  that  occur  at  the  interface  between  nanomaterials  and  biological 
systems  (proteins,  membranes,  endocytic  vesicles,  organelles,  DNA,  and  biological 
fluids).  Evidence  from  the  literature  suggests  that  the  biodistribution  of  nanosized 
carriers  to  specific  sites  is  mostly  dictated  by  the  physicochemical  characteristics  of 
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the  nanoparticles  as  well  as  the  choice  of  the  material  used,  its  biocompatibility, 
biodegradation  [144],  etc. 

The  potential  toxicity  of  nanomaterials  is  influenced  considerably  by  its 
biodistribution,  phagocytosis,  opsonization,  and  endocytosis,  all  of  which  are 
critically  impacted  by  the  nanoparticle  size  and  surface  characteristics  [145]. 
Protein  opsonization  of  nanoparticles  eventually  leads  to  their  clearance,  mainly 
through  uptake  via  the  reticuloendothelial  system,  resulting  in  its  accumulation. 
The  particles  taken  up  by  dendritic  cells  after  opsonization  are  shown  to  activate 
NALP3  inflammasome,  which  enhances  the  effects  of  both  innate  and  antigen- 
specific  cellular  immunity.  Apart  from  this,  interaction  with  the  vascular 
components  of  the  blood  can  also  result  in  local  inflammation,  which  is  caused 
by  nanoparticle-mediated  oxidative  stress.  The  interaction  of  nanoparticles  with 
highly  oxidatively  active  mitochondria  can  lead  to  an  increased  release  of  free 
radicals  as  reactive  oxygen  species  (ROS),  which  depletes  the  natural  defensive 
antioxidants  such  as  glutathione.  The  resultant  oxidative  stress  generates  a  wide 
variety  of  cellular  events  such  as  cell  cycle  arrest,  apoptosis,  inflammation,  induc- 
tion of  signaling  pathways,  etc.  Generation  of  specific  antibodies  against  BSA  was 
observed  on  administration  of  BSA-carbon  nanotube  conjugates  [146].  Because  the 
protein  nanocarrier  is  essentially  a  non-self  peptide  fragment,  generation  of 
antibodies  and  immune  activation  is  not  surprising.  Instead  of  activating  the 
immune  system,  protein  nanoparticles  are  sometimes  also  reported  to  cause 
downregulation  of  the  immune  system.  Abraxane,  the  paclitaxel  albumin  conjugate 
drug,  resulted  in  a  lower  incidence  of  grade  4  neutropenia  (a  form  of  myelosup- 
pression  that  leads  to  a  decreased  number  of  neutrophils)  than  the  first  generation  of 
paclitaxel  formulations  [147]. 

For  biodegradable  polymers  such  as  carbohydrates  and  proteins,  the  toxicity 
associated  with  their  tissue  accumulation  and  metabolism  is  considerably  less. 
However,  upon  interaction  with  blood  and  its  constituents,  nanoparticles  can 
induce  cyto-  or  hemotoxicity,  inflammation,  and  oxidative  stress.  Anionic 
polymers  with  sizes  greater  than  60  nm  have  been  reported  to  be  biocompatible 
in  terms  of  hemolysis,  coagulation,  thrombocyte  and  granulocyte  activation,  and 
membrane  integrity,  as  compared  to  cationic  particles  with  smaller  size  [148].  In 
general,  cationic  carbohydrates  such  as  cellulose  and  chitosan  can  cause  cyto- 
toxicity by  inducing  apoptosis  and,  when  in  direct  contact  with  blood,  can 
activate  the  blood  coagulation  pathway,  resulting  in  clot  formation.  Even  though 
acute  systemic  toxicity  studies  in  mice  did  not  show  any  significant  toxicity, 
chitosan  solution  even  at  very  low  concentrations  caused  hemeagglutination  and 
platelet  aggregation  and  activation  [149-151].  This  property  of  cationic  polymers 
necessitates  surface  modification  or  engineering  with  different  molecules  such  as 
PEG,  dextran,  mannose,  lactose,  galactose  etc.,  with  ensuing  reduction  in  toxicity 
and  improvement  in  the  nanoparticle  hemocompatibility  [103,  151-155].  Figure  6 
demonstrates  how  glycosylation  of  nanocarriers  would  be  an  ideal  approach  for 
evading  nanoparticle  toxicity.  Additionally,  the  unreacted  components  used  in 
the  formulation  (crosslinkers,  stabilizers,  and  solvents)  can  also  impart  cyto-  or 
hemotoxicity  and,  hence,  complete  removal  of  these  components  has  to  be 
ensured  for  better  performance. 
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Fig.  6  Glycosylation  of  nanocarriers  can  help  evade  its  cellular  toxicity  [86] 


5  Conclusion 


In  this  chapter,  we  have  reviewed  different  aspects  that  regulate  the  use  of 
carbohydrates  and  proteins  for  successful  drug  delivery.  Recent  research  trends  in 
this  area  have  generated  a  broad  spectrum  of  these  biopolymeric  nanocarriers 
offering  varying  drug  incorporation  and  release  profiles,  depending  on  the  choice 
of  the  matrix  and  nature  of  the  drug.  The  ultimate  fate  of  the  nanocarriers  in  terms  of 
their  physical  and  biological  stability  and  in  vivo  circulation  are  discussed,  as  well 
as  the  design  of  long-circulating  carriers  with  optimal  biological  performance 
through  appropriate  choice  of  the  material,  route  of  preparation,  and  surface 
functionalization.  Although  certain  biopolymers  are  known  to  induce  blood 
incompatibilities  or  immunogenicity,  these  properties  can  be  manipulated  for  better 
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performance  by  varying  the  processing  conditions.  In  summary,  a  profound  under- 
standing of  the  properties  of  the  drug  and  polymer,  drug-matrix  interactions,  and 
formulational  approach  would  help  to  improve  the  biokinetics  of  active  pharma- 
ceutical ingredients  through  successful  nanoencapsulation. 
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Biopolymeric  Micro-  and  Nanopar tides: 
Preparation,  Characterization  and  Industrial 
Applications 


Anil  Kumar  Anal  and  Alisha  Tuladhar 


Abstract  One  of  the  most  important  industrial  applications  of  the  interfacial 
properties  of  biopolymeric  complexes  such  as  protein-polysaccharide  interactions 
is  the  formation  of  microcapsules,  microparticles,  nanocapsules  and/or 
nanoparticles.  Nanogel  formation  results  from  the  ability  of  protein-polysaccharide 
complexes  to  form  a  solid  film  around  the  droplets  containing  the  product  to  be 
encapsulated  (microcapsules)  and  also  the  possibility  of  entrapping  solvent 
molecules  into  the  coacervate  (microgels).  The  first,  based  on  the  complex  coacer- 
vation  of  two  oppositely  charged  biopolymers,  consists  of  the  entrapment  of  a 
solvent  containing  the  molecule  to  be  encapsulated  in  the  structure  of  the  coacer- 
vate. In  this  case,  the  microencapsulated  product  can  be  either  in  the  core  of  the 
complex  or  in  the  wall,  resulting  in  some  retention  problems.  The  second  method  of 
microencapsulation,  and  the  most  widespread,  is  to  produce  an  emulsion  stabilized 
with  proteins.  The  dispersed  oil  droplets  contain  the  desirable  oil- soluble  products 
to  be  encapsulated  (aroma,  drugs,  cells,  etc.).  After  addition  of  a  polysaccharide,  the 
interfacial  coacervation  between  the  protein  and  the  polysaccharide  around  the  oil 
droplets  induces  the  formation  of  microcapsules,  which  are  subsequently  dried. 
This  type  of  microencapsulation  is  referred  to  as  interfacial  coacervation.  Its  main 
advantage  resides  in  the  location  of  the  encapsulated  material  in  the  core  of  the 
microcapsule. 
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1  Introduction 

Biomacromolecules  may  be  either  polycations  or  poly  anions,  depending  on  their 
functional  groups.  Among  various  macromolecules,  proteins  and  polysaccharides 
are  often  used  simultaneously  in  the  food,  pharmaceutical  and  cosmetic  industries; 
knowledge  of  their  interactions  is  therefore  of  great  importance  in  controlling  the 
structure  and  texture  of  manufactured  products.  The  interactions  between  proteins 
and  polysaccharides  can  be  either  repulsive  or  attractive.  Attractive  interactions 
induce  interpolymer  complexes,  which  mostly  arise  from  electrostatic  interactions 
between  opposite  charges  on  the  polymers. 

Polysaccharides  are  used  to  modify  the  flow  characteristics  of  fluids,  to  stabilize 
suspensions,  to  flocculate  particles,  to  produce  emulsions,  and  to  encapsulate 
materials.  The  majority  of  polysaccharide  additives  used  by  the  food  industry  are 
extracted  from  higher  plant  tissue  and  seaweeds.  Plants  synthesize  such  polymers  to 
serve  as  structural  components  of  cell  walls  or  as  a  source  of  stored  energy. 
However,  these  polymers  have  potential  problems  because  of  their  variations  in 
cost,  limited  supply  and  chemical  structure. 
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Fig.  1  Gel  network:  (a) 
molecular  network  with 
"point  contact";  (b)  molecular 
network  with  "crystalline" 
junction  zones 

At  present,  the  discovery  of  new  polysaccharides  relies  on  screening  of  the 
extracellular  polysaccharides  produced  by  microorganisms.  Fungi  and  yeasts  are 
also  potential  sources  of  new  polysaccharides.  The  production  of  microbial  poly- 
saccharide has  the  advantages  of  controlled  cost,  abundant  supply  and  ease  of 
modification  of  the  chemical  structure.  These  new  polysaccharides  with  new 
properties  may  generate  new  market  opportunities.  Microbial  polysaccharides  can 
be  classified  as  extracellular  structural  or  intercellular  storage  forms.  Extracellular 
polysaccharide  can  be  either  exocellular  capsules  of  the  cell  wall  or  loose  slime 
components  that  accumulate  outside  the  cell  wall  and  then  diffuse  into  the  medium. 

Polysaccharides  and  polysaccharide  mixtures  have  been  used  as  gelling  agents 
by  the  food,  cosmetic  and  pharmaceutical  industries.  A  gel  is  considered  to  be  a 
coherent  colloidal  disperse  system  of  at  least  two  components  that  behaves  mechan- 
ically as  a  solid  in  which  the  dispersed  components  form  networks  interpenetrating 
and  enclosing  the  solvent  phase.  Gelation  is  pictured  as  the  separation  of  a  solid 
phase  (amorphous  or  crystalline)  in  such  a  fashion  as  to  produce  a  coherent 
continuous  three-dimensional  network.  An  important  factor  in  the  demixing  of  a 
macromolecular  solution  is  crystallization.  Contact  points  between  chains  have 
been  taken  to  be  crystallites,  although  the  size  of  these  junction  zones  may  vary 
from  small  regions  containing  few  chains  to  large  crystalline  regions  involving 
many  chains  (as  shown  in  Fig.  1)  and  recognizable  as  a  separate  phase.  Factors 
important  in  gelation  are  polymer-solvent  and  polymer-polymer  interactions  and 
the  effects  of  preparative  conditions  on  the  extent  and  mechanism  of  phase 
separation. 

Polysaccharides  are  found  in  the  ingredients  of  a  wide  range  of  food,  cosmetic 
and  pharmaceutical  emulsions.  The  relevant  functionalities  originate  from  several 
molecular  properties  of  the  polysaccharides  and  their  interaction  with  emulsion 
droplets  and  other  components  in  the  complex  food,  pharmaceutical  and  cosmetic 
systems.  Their  major  functionalities  lie  in  their  ability  to  thicken  the  emulsion, 
which  is  intended  to  reduce  the  creaming  rate  and  to  improve  the  texture  to  the 
emulsion.  Whereas  proteins  are  present  primarily  as  emulsion  forming  and 
stabilizing  agents,  soluble  polysaccharides  primarily  function  as  thickening  and 
water-holding  agents.  A  wide  range  of  properties  are  found  among  the  whole  group 
of  polysaccharides,  varying  from  insoluble  forms  (cellulose)  to  those  with  high 
swelling  power  and  solubility  (starch,  guar  gum),  low  viscosity  (gum  arabic)  to  high 
viscosity  (guar  gum),  and  non-gelling  (dextran)  to  gelling  (agar).  Gel  formation  is 
often  thermo -reversible  and  the  gel  may  either  melt  on  heating  (alginate,  pectin)  or 
set  on  heating  (some  cellulose  derivatives). 
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Polysaccharides  play  a  role  in  emulsions  in  three  main  ways: 

1 .  Polysaccharides  increase  the  viscosity  of  the  continuous  phase  of  the  emulsion. 
One  of  the  main  functions  of  polysaccharides  in  emulsions  is  to  thicken  the 
continuous  liquid.  The  intended  effect  is  usually  to  impart  a  desired  texture 
(increase  viscosity  or  stiffness  to  the  system  and  reduce  buoyancy-driven 
creaming  or  sedimentation  of  the  emulsion  droplets  and  other  particles  in  the 
system).  Because  of  their  highly  swollen  molecular  structure  in  solutions, 
leading  to  a  high  effective  volume  fraction  at  low  concentrations,  most 
polysaccharides  are  very  effective  in  providing  a  high  viscosity  at  low 
concentration. 

2.  Polysaccharides  flocculate  the  droplets  into  a  gelled  droplet  network.  In  a 
solution  of  gelling  polysaccharide  (e.g.  alginates,  pectin,  K-carrageenan),  the 
formation  of  bonds  between  segments  of  the  different  polysaccharide  molecules 
in  solution  can  lead  to  formation  of  a  space-filling  network  of  biopolymer 
molecules.  The  binding  regions  in  the  gelled  polysaccharides  are  often  highly 
structured  regular  chain  conformations,  such  as  double  helices,  bundles  of 
double  helices,  egg-box,  and  double  helix-ribbon  configurations.  A  prerequisite 
for  gel  formation  is  that  the  regular  molecular  segments  are  interrupted  by 
nonbonding  sequences  to  form  an  open,  water-holding  structure.  Such  a  network 
can  resist  a  finite  applied  stress,  below  which  there  is  no  discernable  flow.  On 
increasing  the  applied  stress,  the  structure  is  broken  down,  either  at  a  molecular 
level  (related  to  an  apparent  yield  stress)  or  at  a  macroscopic  level  (related  to 
fracturing  of  the  gel). 

3.  Some  polysaccharides,  such  as  starch  granule  and  inulin,  are  in  particulate  form 
and  increase  the  viscosity  of  the  emulsion  by  increasing  the  total  volume  fraction 
of  dispersed  material. 


2    Polysaccharides  Used  in  Preparation  of  Micro-  and 
Nanoparticles 

2.1  Chitosan 

Chitosan,  a  biopolymer,  has  received  ample  attention  and  has  been  widely  consid- 
ered for  micro-  and  nanoparticle  preparation.  It  is  the  second-most  abundant 
naturally  occurring  polysaccharide.  Properties  like  biodegradability,  low  toxicity 
and  good  biocompatibility  make  it  appropriate  for  biomedical  and  pharmacological 
inventions  and  also  for  use  in  ophthalmology,  anti-diabetic  agents,  anti- 
inflammatory drugs  and  for  immobilization  of  enzymes  and  proteins. 

Generally,  chitosan  is  formed  of  distributed  p-(l^)-linked  D-glucosamine 
(deacetylated  unit)  and  A^-acetyl-D-glucosamine  (acetylated  unit),  manufactured 
by  deacetylation  of  chitin  extracted  from  shells  of  crabs,  shrimps  and  krill.  Chitosan 
that  is  accessible  commercially  is  deacetylated  66-95%  and  has  an  average 
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molecular  weight  between  3.8  and  2,000  kDa.  It  is  an  admirable  biopolymer  for 
research  and  testing  of  micro-  and  nanoparticles  due  to  its  excellent  biocompatibil- 
ity  and  biodegradability.  In  vivo,  it  is  degraded  by  lysozyme.  In  addition,  the  amino 
groups  give  a  high  charge  density  to  the  molecule  and  are  freely  available  for 
chemical  reactions  and  salt  formation  with  acids.  With  wide  solubility  of  chitosan 
in  numerous  acids,  it  also  intermingles  with  polyions  to  formulate  complexes  and 
gels. 

2.1.1    Structure  of  Chitin  and  Chitosan 

In  shellfish,  including  crustaceans,  chitin  is  present  in  a  complex  structure  with 
calcium  carbonate,  forming  the  rigid  skeleton  of  carpace,  shell  and  tail.  Shrimp 
outer  skeleton  and  crab  shells  are  the  most  suitable  biological  sources  for  the 
production  of  chitin  [1,  2].  Chitosan  is  the  principal  derivative  of  chitin  and  is 
obtained  by  a  deacetylation  process.  Chitin  and  its  derivatives  have  widespread 
applications  for  biological,  physiological  and  biomedical  purposes.  Crustacean 
shell  waste  mainly  consists  of  protein  (30—40%  of  dry  matter),  calcium  salts 
(30-50%  of  dry  matter),  chitin  (20-30%  of  dry  matter),  oil  (2-3%  of  dry  matter) 
and  astaxanthin  (200-250  ppm  of  dry  matter),  but  the  proportions  may  vary  with  the 
species  and  culture  methods  [3].  Chitosan  can  be  isolated  from  crustacean  shell, 
insect  cuticles  and  the  membrane  of  fungi.  The  properties  of  chitosan  vary  with  its 
source.  The  terms  chitin  and  chitosan  do  not  refer  to  specific  compounds  but  to  two 
ranges  of  copolymers,  containing  the  two  monomer  residues,  anhydro-Af-acetyl-D- 
glucosamine  and  anhydro-D-glucosamine,  respectively.  Chitin  is  a  polymer  of  p- 
(l-4)-2-acetamido-2-deoxy-D-glucopyranose.  It  is  one  of  the  most  abundant 
organic  materials  on  earth  and  second  to  cellulose  and  murein,  which  are  the 
main  structural  polymers  of  bacterial  cell  walls.  Chitin  is  analogous  to  cellulose 
and  exhibits  a  highly  ordered  chain  formation.  Chitin  has  the  conformation  of  an 
extended  ribbon  and  the  chains  can  pack  side  by  side  in  a  crystalline  structure.  In 
nature,  chitin  exists  in  alpha  (sheets  are  antiparallel  and  packed),  beta  (sheets  are 
parallel  and  packed)  and  gamma  (two  parallel  sheets  are  separated  by  a  single 
antiparallel  sheet)  conformations  (Fig.  2).  Shrimp  and  crab  contain  oc-chitin,  which 
is  more  difficult  to  extract  as  compared  with  p-chitin  in  squid  and  cuttlefish. 
Chitosan  from  p-chitin  is  more  hydrophilic  and  has  a  more  open  form.  Crustacean 
chitosan  in  situ  has  a  molecular  weight  of  over  2  MDa.  Fungal  chitosan  has  a 
molecular  weight  in  the  range  of  30-60  kDa.  The  fungal  material  has  the  advantage 
of  not  containing  shrimp  protein,  which  may  cause  an  allergic  reaction  in  2%  of  the 
population.  The  principal  derivative  of  chitin  is  chitosan,  produced  by  alkaline 
deacetylation  of  chitin.  Chitosan  is  a  polymer  of  p-(l^)-2-amino-2-deoxy-D- 
glucopyranose  [4]. 
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Fig.  2  Arrangement  of 
polymer  chains  in  three  forms 
of  chitin 
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y  -  Chain 


2.1.2    Functional  Properties  of  Chitosan 


The  three  forms  of  chitin  (i.e.  non-crystalline,  hydrated  crystalline  and  anhydrous 
crystalline)  have  been  proposed  by  Ogawa  [5].  These  types  of  structure  can  be 
easily  identified  by  X-ray  crystallography.  The  type  and  extent  of  crystalline 
fraction  are  important  factors  in  determining  the  properties  of  a  chitosan  sample 
and  depend  both  on  the  treatment  of  the  sample  and  on  the  mole  fraction  of  N- 
acetyl-D-glucosamine  residues.  Chitosan  is  prepared  from  chitin  by  deacetylation 
with  50%  (w/v)  sodium  hydroxide  solution.  Because  chitosan  or  partially 
deacetylated  chitin  have  primary  amine  groups,  they  can  be  used  as  a  biodegradable 
cationic  polymer  in  aqueous  systems  [6]  The  solubility,  viscosity  and  other 
properties  of  chitosan  depend  not  only  on  the  degree  of  deacetylation,  but  also  on 
the  amine  groups  in  a  chitosan  chain.  The  solubility  of  a  polymer  occurs  in  two 
stages.  First,  solvent  molecules  slowly  diffuse  into  the  polymer  to  produce  a 
swollen  gel,  i.e.,  the  polymer-polymer  intermolecular  forces  are  high  because  of 
crosslinking,  crystallinity  or  strong  hydrogen  bonding.  Chitosan  is  a  hydrophilic 
polysaccharide,  soluble  in  dilute  aqueous  organic  acid  solutions  but  insoluble  in 
water.  The  hydrogen  bonding  leads  to  a  poor  solubility  in  water.  During  solubiliza- 
tion, the  2-amino  group  is  protonated,  thus  providing  the  polycationic  nature  of 
chitosan  molecules  in  solutions.  Chitosan  is  not  soluble  in  sulfuric  acid  solution  due 
to  the  formation  of  sulfate  salt,  which  precipitates.  Studies  on  the  solution 
properties  of  chitosan  indicated  that  the  conformation  of  chitosan  is  variable  in 
solution,  but  often  has  a  compact,  quasi-globular  or  flexible  chain.  From  the 
analysis  of  physical  properties,  the  structure-property-function  relationship  can 
be  established  and  this  can  provide  a  scientific  basis  for  the  applications  of  chitin 
and  chitosan.  At  neutral  and  alkaline  pH,  chitosan  in  free  form  does  not  dissolve.  At 
pH  5  and  lower,  the  amine  groups  in  the  chitosan  become  ionized,  leading  to  the 
perfect  dissolution  of  chitosan  in  dilute  acids.  Chitosan  solutions  of  1-2%  are  fluid, 
but  at  higher  concentrations  they  form  a  firm  gel.  Chitin  and  chitosan  are 
polyglucosides  and  thus  can  be  hydrolyzed  by  acids.  However,  chitosan  is  more 
susceptible  than  chitin  in  this  regard.  This  difference  may  be  attributed  to  proton- 
ation  of  the  amine  groups  in  acid  solution.  This  may  be  due  to  the  resultant  NH3+ 
groups  shielding  the  glycosidic  oxygen  from  protonation,  which  is  the  first  stage  in 
hydrolysis  of  glycosides. 
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Chemical  derivatization  of  chitosan  provides  a  powerful  means  to  promote  new 
biological  activities  and  to  modify  its  mechanical  properties.  The  primary  amino 
groups  on  the  molecule  are  reactive  and  provide  a  mechanism  for  side  group 
attachment  using  a  variety  of  mild  reaction  conditions.  The  general  effect  of  addition 
of  a  side  chain  is  to  disrupt  the  crystal  structure  of  the  material  and  hence  increase  the 
amorphous  fraction.  This  modification  generates  a  material  with  lower  stiffness  and 
often  altered  solubility,  but  the  precise  nature  of  changes  in  chemical  and  biological 
properties  depends  on  the  nature  of  the  side  groups.  In  addition,  the  characteristic 
features  of  chitosan  such  as  being  cationic,  hemostatic  and  insoluble  at  high  pH,  can 
be  completely  reversed  by  a  sulfation  process  that  can  render  the  molecule  anionic 
and  water-soluble,  and  also  introduce  anticoagulant  properties  [7]. 

2.1.3  Biochemical  Significance  and  Degradation  of  Chitin  and  Chitosan 

Because  both  chitin  and  chitosan  are  biological  materials  and  have  excellent 
biocompatibility,  they  have  been  developed  as  medical  materials  in  recent  years. 
Some  enzymes  such  as  lysozyme  and  chitinase  degrade  chitin.  Plants  and  insects 
have  chitinase  but  not  mammals  except  cow,  sheep  and  goat.  Chitin  and  chitosan 
are  thought  to  be  degraded  mainly  by  lysozyme  in  mammals.  Lysozyme  in 
mammalians  is  present  in  serum,  saliva  and  other  secretary  fluids,  including  those 
surrounding  the  cartilage.  There  are  many  kinds  of  glycosidase  in  the  animal  body 
to  hydrolyze  chitin  and  its  derivatives,  including  lysozyme.  The  6-O-acyl,  6-0- 
alkyl  and  carboxymethyl  chitin  derivatives  have  similar  enzymatic  hydrolysis. 
The  rate  of  lysozymic  hydrolysis  of  various  chitosans  are  quite  low  compared 
with  those  of  other  chitin  derivatives,  probably  because  of  the  poor  binding  ability 
of  chitosan  to  the  active  site  of  lysozyme. 

2.1.4  Applications  of  Chitosan  in  Biomedical  Technology 

Biomedical  applications  relate  to  the  impact  of  a  material,  device  or  procedure  in  a 
medical  or  clinical  situation  on  the  health  care  of  humans.  The  expected  outcome 
should  be  positive  when  properly  utilized.  The  application  can  be  a  medical  device 
as  simple  as  a  syringe  or  a  piece  of  gauze  for  cleaning  wounds,  or  as  complex  as 
pacemakers,  orthopaedic  implants  and  artificial  heart  valves.  For  the  purpose  of  this 
review,  we  take  a  focused  view  by  considering  the  biomedical  applications  that 
have  been  proposed  for  chitin  and  chitosan. 

The  name  chitosan  covers  a  large  collection  of  preparations  that  all  have  nearly 
the  same  natural  composition  but  are  different  in  their  characteristics  and  applica- 
bility due  to  variations  in  source,  charge,  charge  density,  molecular  weight  and 
crystallinity.  For  a  specific  application,  this  complicates  the  search  for  the  most 
useful  form  of  chitosan,  but  it  presents  a  large  range  of  chitosan  candidates  that 
might  serve  the  specific  purpose.  Chitosans  in  diverse  physical  and  chemical  forms 
have  been  introduced  for  a  variety  of  applications  in  the  sector  of  medical 
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technology.  However,  before  medical  applications  of  chitosan  can  be  considered, 
one  has  to  consider  first  its  safety  for  application  on  or  in  living  systems. 

Talking  about  medical  application,  the  first  question  to  address  is  "is  chitosan 
safe  for  internal  application?"  Recent  data  have  confirmed  the  safety  of  chitosan. 
Chitosan  has  very  low  toxicity;  the  LD50  of  chitosan  in  laboratory  mice  is  16  g/kg 
body  weight,  which  is  close  to  that  of  sugar  or  salt.  Chitosan  is  proven  to  be  safe  in 
rats  at  up  to  10%  in  the  diet  [8].  There  was  some  concern  after  some  Japanese 
experiments  showed  that  high  doses  of  chitosan  intravenously  gave  rise  to 
haemorrhage  pneumonia,  caused  by  complement  activation.  However,  this  should 
be  considered  in  the  light  of  the  law  of  the  medieval  scientist  Paracelsus,  who  stated 
that  high  concentration  makes  every  compound  a  toxin.  Recent  data  both  in 
medium-term  feeding  studies  in  laboratory  animals  and  humans  have  confirmed 
that  body  and  organ  weight  remained  normal,  as  well  as  neuro-,  cardio-,  respiratory, 
hepato-,  digestive,  urinary  and  circulatory  systems.  There  can  be  some  discomfort, 
such  as  belching.  The  only  effect  is  a  significantly  lower  plasma  cholesterol  level. 
Various  sterilization  methods  such  as  ionizing  radiation,  heat,  steam  and  chemical 
methods  can  be  adopted  for  sterilization  of  chitosan  in  clinical  applications  [9] . 


2.2  Alginate 

Alginate  is  a  naturally  arising,  linear  unbranched  polysaccharide  that  is  soluble 
in  water  and  extracted  from  brown  seaweed.  Its  use  in  numerous  biomedical 
applications,  including  drug  delivery  systems,  is  basically  due  to  its  high 
biodegradable,  biocompatible  and  mucoadhesive  polymers.  Alginate  polymers  are 
also  haemocompatible,  have  not  been  found  to  accumulate  in  any  important  organs 
and  show  indication  of  in  vivo  degradation.  Sodium  alginate  is  used  in  a  variety  of 
oral  and  topical  pharmaceutical  formulations  and  has  been  used  for  the  aqueous 
microencapsulation  of  drugs,  in  contrast  to  more  conventional  solvent-based  systems. 
Alginate  possesses  two  types  of  uronic  acids,  L-guluronic  acid  and  D-mannuronic  acid. 

Micro-  and  nanoparticles  of  alginate  are  effortlessly  achieved  by  gelation  with 
calcium  ions.  This  property  enables  creation  of  a  pre-gel  consisting  of  miniature 
aggregates  of  gel  particles,  which  can  be  tracked  by  the  addition  of  an  aqueous 
polycationic  solution  to  make  a  poly  electrolyte  complex  coating.  Poly -L-ly  sine 
(PLL)  is  a  cationic  natural  polymer  that  has  been  used  with  alginates  to  formulate 
nanoparticles. 

The  mechanical  properties  and  swelling  of  alginate  beads  shaped  using  cations 
hinge  upon  a  number  of  aspects  like  valence  of  ions,  size  of  ions,  etc.  Bajpani  et  al. 
[10]  describe  a  comprehensive  examination  of  swelling  and  degradation  perfor- 
mance  of  alginate  beads  crosslinked  with  different  metal  ions  (e.g.  Ca  ,  Ba^  and 
Al3+).  The  results  can  be  explained  on  the  basis  of  the  extent  of  crosslinking  in  the 
beads  and  the  size  of  the  cations  involved  in  the  crosslinking  process. 
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Sodium  alginate  is  a  sodium  salt  of  alginic  acid,  a  naturally  occurring  poly- 
saccharide acquired  from  marine  brown  algae.  Alginate  contains  two  uronic  acids, 
oc-L-guluronic  acid  and  p-D-mannuronic  acid,  and  is  composed  of  homopolymeric 
blocks  and  blocks  with  an  alternating  sequence.  Made  from  a  chelated  structure 
with  metal  ions,  the  polyguluronate  units  in  the  alginate  molecules  (known  as  an 
"egg-box"  junction)  have  apertures  that  allow  the  cations  to  become  packed  or 
coordinated  [11].  The  intersection  flanked  by  the  polyguluronate  shackles  is  kineti- 
cally  stable  in  the  direction  of  dissociation,  whereas  the  polymannuronate 
components  demonstrate  the  usual  polyelectrolyte  characteristics  of  cation  binding 
[12].  Thus,  the  two  types  of  connections  result  in  establishment  of  spherical  beads. 

The  composition  of  alginate  is  an  important  parameter  for  the  formation  of 
alginate  particles.  The  variation  in  monomer  content  and  viscosity  of  alginates  in 
brown  seaweed  with  season  generally  increases  from  the  lowest  at  the  youngest 
stage  of  the  plant  to  the  maximum  at  a  mature  stage.  Because  sodium  and  calcium 
proportions  strongly  determine  the  swelling  and  healing  properties  of  the  alginate, 
this  proves  to  be  a  significant  property  [13].  Viscosity  classically  fluctuates  with  the 
percentage  of  the  guluronic  content.  During  alginate  gelling,  divalent  cations  bind 
preferentially  to  guluronic  acid  blocks  in  a  highly  cooperative  manner;  the  size  of 
the  cooperative  unit  is  reported  to  be  more  than  20  monomers  [14].  A  high  content 
of  guluronic  acid  and  homopolymer  blocks  leads  to  higher  interaction  between 
alginate  and  calcium,  which  results  in  a  stronger  and  more  stable  gel.  However,  in 
the  emulsification  step  high  guluronic  content  gives  premature  gelation,  resulting  in 
larger  beads  with  larger  dispersions  [15]  and  more  porous  gels.  On  the  other  hand, 
high  mannuronic  acid  content  produces  more  elastic  and  weaker  gels  with  good 
freeze-thaw  behaviour.  However,  at  low  or  very  high  Ca  concentrations,  high 
mannuronic  alginates  produce  weaker  gels. 

3    Proteins  Used  in  Preparation  of  Micro-  and  Nanoparticles 
3.1  Albumin 

Albumin  is  a  protein  present  in  blood  plasma  and  is  an  attractive  macromolecular 
carrier,  widely  used  to  prepare  nanospheres  and  nanocapsules  due  to  its  availability  in 
pure  form  and  its  biodegradability,  non-toxicity  and  non-immmunogenicity.  It  also 
acts  as  an  significant  extracellular  antioxidant  [16]  and  defence  mechanism  against 
free  radicals  and  extra-destructive  chemical  agents  [17].  Albumin  is  easy  to  formulate 
in  defined  sizes,  and  reactive  groups  (thiol,  amino  and  carboxylic  groups)  can  be 
attached  to  the  surface  for  ligand  binding  and  other  surface  modifications.  Also, 
albumin  nanoparticles  have  the  advantage  that  ligands  can  be  easily  attached  by 
covalent  linkage.  Drugs  captured  within  albumin  nanoparticles  can  be  digested  by 
proteases,  and  drug  loading  can  be  quantified.  A  number  of  studies  have  revealed 
that  albumin  gathers  in  compacted  tumours,  which  makes  it  a  prospective  macromo- 
lecular transporter  for  the  site-directed  delivery  of  anti-tumour  drugs  [18].  From  the 
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literature,  the  use  of  modified  serum  albumin  seems  promising  as  a  selective  agent  for 
tumour  detection  or  therapy  [19]  or  for  delivery  of  toxic  compounds  for  elimination 
of  Mycobacterium  tuberculosis  via  receptor-mediated  drug  delivery  [20].  These 
exceptional  characteristics  of  albumin  have  shaped  a  foremost  place  for  it  in 
drug  therapy.  Therefore,  nanotechnology  has  correspondingly  engaged  the  well- 
established  assets  of  albumin  (both  human  serum  albumin  and  bovine  serum  albumin) 
for  numerous  determinations  as  nanoparticle  drug  (antibodies,  interferon  gamma, 
antiviral  compounds)  carrier  [21-23],  therapeutic  enhancer  of  anticancer  drugs  [24] 
and  as  a  modified  carrier  for  the  provision  of  drug  from  the  brain  to  the  central  nervous 
system  and  also  across  the  blood-brain  barrier  [25,  26]. 

3.2  Collagen 

Collagen  is  a  naturally  occurring  protein  found  in  animals,  especially  in  the  flesh 
and  connective  tissues  of  vertebrates.  It  is  a  profusely  found  mammalian  protein 
making  up  about  20-30%  of  total  body  proteins.  Collagen  has  a  distinctive  arrange- 
ment, size  and  amino  acid  sequence  that  result  in  the  construction  of  triple  helix 
fibre.  It  is  a  beneficial  biomaterial  due  to  its  tremendous  compatibility,  biodegrada- 
tion  and  availability  [27].  Additionally,  its  responsiveness  to  alterations  have 
cemented  its  use  in  nanoparticle  fabrication.  Modifications  include  addition  of 
other  proteins,  such  as  elastin,  fibronectin  and  glycosaminoglycans,  which  results 
in  the  improvement  of  its  physicochemical  and  biological  properties  [28,  29]  as 
well  as  control  of  biodegradability  and  subsequent  release  of  ligand  by  use  of  such 
crosslinking  agents  as  glutaraldehyde,  formaldehyde,  ultraviolet  and  gamma  radia- 
tion. The  biodegradable  collagen-based  nanoparticles  are  thermally  stable,  readily 
sterilizable,  can  be  uptaken  by  the  reticuloendothelial  system  and  enable  enhanced 
uptake  of  drug  molecules  into  cells  [30]. 

3.3  Gelatin 

Gelatin  is  a  natural  water-soluble  macromolecule  that  results  from  the  heat  dissolu- 
tion and  incomplete  hydrolysis  of  collagen.  It  is  a  poly  ampholyte,  having  both  ionic 
groups.  Basically,  two  types  of  gelatin  are  found.  Type- A  gelatin  is  achieved  by 
acid  treatment  of  collagen,  with  isoelectric  point  (pi)  being  between  7.0  and  9.0.  In 
contrast,  type-B  gelatin  is  formed  through  alkaline  hydrolysis  of  collagen,  with 
pi  between  4.8  and  5.0.  Gelatin  has  various  advantages  over  other  synthetic 
polymers,  i.e.,  non-irritability,  biocompatibility,  biodegradability,  non-toxicity 
and  non-carcinogenicity,  and  therefore  proves  to  be  one  of  the  most  appropriate 
materials  to  be  used  as  a  carrier  molecule  [31,  32].  Gelatin  has  a  large  number  of 
functional  groups  on  its  surface  that  aid  in  chemical  crosslinking  and  derivation. 
These  benefits  have  made  it  one  of  the  best  options  for  the  synthesis  of 
nanoparticles  for  drug  delivery  for  the  last  30  years  [33-36]. 
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4    Fabrication  Methodologies 

Microencapsulation  is  defined  as  a  technology  for  packaging  solids,  liquids  or 
gaseous  materials  into  miniature,  sealed  capsules  that  can  release  their  contents  at 
controlled  rates  under  the  influences  of  specific  conditions.  A  microcapsule  consists 
of  a  semi -permeable,  spherical,  thin  and  strong  membrane  surrounding  a  solid  or 
liquid  core,  with  a  diameter  varying  from  a  few  microns  to  1  mm.  In  a  broad  sense, 
encapsulation  can  be  used  for  many  applications  in  the  food  industry,  including 
stabilizing  the  core  material,  controlling  the  oxidative  reaction,  providing  sustained 
or  controlled  release  (both  temporal  and  time-controlled  release),  masking  flavours, 
colours  or  odours,  extending  the  shelf  life  and  protecting  components  against 
nutritional  loss.  Various  biopolymers  such  as  alginate,  chitosan,  CMC,  carra- 
geenan,  gelatin  and  pectin  are  mainly  applied,  using  various  microencapsulation 
technologies.  Microcapsules  and  microspheres  can  be  engineered  to  gradually 
release  active  ingredients.  A  microcapsule  can  be  opened  by  many  different 
means,  including  fracture  by  heat,  solvation,  diffusion  and  pressure.  A  coating 
may  also  be  designed  to  open  in  specific  areas  of  the  body.  A  microcapsule 
containing  acid-labile  core  materials  that  is  consumed  by  gastrointestinal  fluids 
must  not  be  fractured  until  after  it  passes  through  the  stomach.  A  coating  can 
therefore  be  used  that  is  able  to  withstand  acidic  conditions  in  the  stomach  and 
allows  those  active  ingredients  to  pass  through  the  stomach.  Encapsulation  tech- 
nology is  widely  used  in  foods  and  pharmaceutical  manufacturing  to  control  the 
release  of  active  ingredients,  protect  ingredients  from  the  environment,  lower 
flavour  loss  during  the  product  shelf-life,  extend  the  flavour  perception  and 
mouth-feel  over  a  longer  period  of  time,  and  enhance  the  ingredient  bioavailability 
and  efficacy. 

4.1    Spray  Drying 

Spray  drying  is  the  most  commonly  used  microencapsulation  technique  in  the  food 
industry  [37-39].  The  process  is  relatively  simple  and  easily  converts  liquids  to 
powders  and  protects  volatile  compounds  against  degradation  and  oxidation  [40] . 
Consequently,  spray  drying  has  been  used  to  encapsulate  a  variety  of  substances, 
for  example,  flavours,  vitamins,  fish  oils  and  flavours  [41]. 

The  principle  steps  of  the  process  involve  preparation  and  homogenization  of  the 
dispersion,  atomization  of  the  dispersion  and  subsequent  dehydration  of  the 
atomized  particles  (as  depicted  in  Fig.  3).  The  dispersion  is  prepared  by  mixing 
the  core  material  into  a  liquid  coating  material.  This  mixture  is  homogenized  and 
sprayed  into  a  hot  chamber,  whereby  water  is  evaporated  off  the  surface  of  the 
atomized  particles  to  produce  capsules  [42,  43].  A  cyclone  separates  capsules, 
which  are  subsequently  collected  . 

The  stability  of  capsules  prepared  using  spray  drying  is  a  consequence  of  the 
chemical  and  physical  properties  of  the  coating  and  core  materials,  atomization  and 
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Spray  dried  tapajle 

Fig.  3  Schematic  presentation  of  spray  drying  procedure 

drying  conditions  such  as  solid  content  of  the  dryer  and  processing  temperature. 
The  functionality  of  the  wall  material  is  particularly  important  and  the  most 
effective  materials  will  have  high  solubility  in  water,  low  viscosity  at  high 
concentrations  and  effective  emulsifying  and  film-forming  properties  [44,  45].  If 
solubility  in  water  is  limited,  capsules  will  adapt  a  matrix-type  structure,  whereby 
small  particles  of  the  core  material  are  imbedded  throughout  a  coating  material 
matrix.  Even  under  high  viscosity  interface  during  the  atomization  process,  bulky 
and  elongated  droplets  are  formed,  which  affects  adversely  at  the  drying  rate  [46] . 

Spray  drying  is  widely  used  in  the  food  industry  due  the  many  advantages 
offered  by  the  method  [47].  The  chief  advantages  are  the  relatively  low  process 
cost,  flexibility  in  allowing  various  coating  materials  to  be  used  and  adaptability  to 
commonly  used  equipment.  In  terms  of  large-scale  production,  spray  drying  can  be 
operated  in  continuous  mode,  allowing  effortless  incorporation  into  many  industrial 
processes.  Furthermore,  the  method  is  suitable  for  heat-labile  substances  because 
core  materials  are  exposed  to  lower  temperatures  [47]. 

Spray  drying,  however,  is  limited  to  liquid  feeds  and  therefore  coating  materials 
must  be  water-soluble  and  have  low  viscosity  at  high  concentrations.  Typical  shell 
materials  include  gum  acacia,  maltodextrin  and  hydrophobic  modified  starches. 
Whey  proteins  and  alginate  have  also  been  used;  however,  their  solubility  in  water 
is  much  reduced,  requiring  a  greater  volume  of  water  to  be  evaporated.  For 
example,  mesquite  gum  has  been  shown  to  impart  better  stability  to  oil/water 
emulsions  and  provide  higher  encapsulation  efficiencies  than  gum  acacia.  Soybean 
soluble  polysaccharide  proved  to  be  an  advanced  emulsifier  over  gum  Arabic  in 
retaining  microencapsulated  ethyl  butyrate  during  spray  drying  [48]. 
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42    lonotropic  Gelation 

Ionotropic  gelation  is  a  simple  microencapsulation  method  and  can  be  used  to 
enhance  the  shelf  life  and  controlled  release  of  the  bioactive  compounds  [49,  50]. 
Typically,  ionotropic  gelation  is  performed  with  alginate  and  makes  use  of  the 
gelation  of  this  hydrocolloid  in  the  presence  of  divalent  metal  ions.  A  major  step  in 
ionotropic  gelation  is  the  mixing  of  the  wall  material  and  core  material  together.  For 
example,  alginate  solution  is  mixed  with  oil  in  water  emulsion  for  about  one  hour 
and  then  the  mixture  is  added  drop-wise  into  a  solution  containing  calcium  ions, 
whereby  gelation  occurs  through  a  reaction  between  alginate  and  the  ions  in 
solution.  The  hardened  capsules  are  subsequently  collected  and  dried.  The  mecha- 
nism of  gelation  includes  the  addition  of  ions,  such  as  calcium  or  sodium  chloride, 
which  shield  electrostatic  charges  on  the  surface  of  proteins  and  allow  molecules  to 
move  close  together.  As  a  result,  molecules  can  aggregate  due  to  the  absence  of 
electrostatic  repulsion  and  gelation  can  occur. 

The  major  advantages  of  ionotropic  gelation  are  that  capsules  are  easily 
prepared  in  aqueous  solutions  and  at  room  temperature,  enabling  the  method  to 
be  used  for  heat-labile  materials.  The  drawback  of  this  method  includes  very  low 
payload,  unacceptable  cost-in-use,  large  capsules  size,  limited  range  of  wall 
materials  and  undesirable  amounts  of  substantial  polymers  incorporated  into  the 
foods.  In  order  to  improve  this  technique,  hydrophobic  ally  modified  starch, 
epimerized  alginate  and  polyelectrolyte-based  multilayer  microcapsules  can  be 
used  to  increase  the  payload. 

4.3  Coacervation 

Coacervation  is  the  process  by  which  colloidal  particles  are  separated  from  solution 
and  deposited  around  a  core  material.  Coacervation  is  typically  used  for  the  encap- 
sulation of  flavours,  lipid- soluble  vitamins  and  phytochemicals  and  certain 
enzymes.  Simple  coacervation  involves  the  use  of  only  one  hydrocolloid,  whereas 
complex  coacervation  utilizes  two  or  more  polymers.  The  coacervation  process 
consists  of  three  principle  steps:  phase  separation,  deposition  and  solidification.  In 
the  initial  step,  the  coating  material,  usually  consisting  of  one  or  more  polymers, 
undergoes  a  phase  separation  to  form  a  coacervate.  Core  materials  are  suspended  or 
emulsified  in  the  same  reaction  media  and,  as  particles  coalesce,  a  decrease  in 
surface  area  occurs.  Decreased  surface  area  of  the  coating  particles  prompts  a 
decrease  in  total  free  interfacial  energy  of  the  system,  which  in  turn  favours  coacer- 
vate nuclei  adsorption  to  the  core  material  surface.  As  a  result,  a  uniform  layer  of 
coacervate  forms  around  core  particles.  In  the  final  step,  solidification  of  the  coating 
material  is  achieved  by  crosslinking  using  chemical,  thermal  or  enzymatic  methods. 
Microcapsules  are  then  collected  by  filtration  or  centrifugation  before  being  dried. 
Spraying  a  chitosan  solution  into  sodium  hydroxide,  NaOH-methanol  or 
ethanediamine  alkaline  solutions  using  compressed  air  results  in  coacervated 
droplets,  forming  the  nanoparticles  [51].  Separation  and  purification  of  the  particles 
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Fig.  4  General  overview  of  molecular  inclusion  process 

is  finally  achieved  by  centrifugation,  followed  by  successive  washing  steps  with  hot 
and  cold  water.  In  one  study,  Lin  et  al.  describe  a  different  approach:  the  formation 
of  particles  is  obtained  after  addition  of  sodium  sulfate  solution  to  chitosan  solution 
under  mild  agitation  and  continuous  sonication  for  30  min. 

The  coacervation  technique  is  analogous  to  the  method  of  desolvation  because  it 
works  by  mingling  of  the  aqueous  protein  solution  with  an  organic  solvent  like 
acetone  or  ethanol,  which  produces  minute  coacervates.  [52].  Numerous  parameters 
such  as  initial  protein  concentration,  temperature,  pH,  crosslinker  concentration, 
agitation  speed,  molar  ratio  of  protein  to  organic  solvent  and  organic  solvent  adding 
rate  affect  the  balance  between  coacervation  and  desolvation,  which  affects  the 
process  of  providing  anticipated  assets  to  the  nanoparticles. 

4 A    Inclusion  Complexation 

Inclusion  complexation  is  the  entrapment  of  smaller  molecules  inside  the  hollow  cavity 
of  a  larger  molecule  [47,  53,  54].  Relatively  few  food-appropriate  molecules  exist 
with  such  cavities;  however,  cyclodextrins  are  commonly  used  in  the  food  industry. 

Cyclodextrins  are  typically  used  as  coating  molecules  and  are  formed  by  the 
enzymatic  hydrolysis  of  starch  molecules  [55].  Glycosyl  transferase  cleaves  starch 
molecules  to  form  linear  fragments,  which  are  then  joined  to  form  circular 
structures  with  hollow  cavities  inside.  Cyclodextrins  can  form  inclusion  complexes 
with  compounds  that  are  small  enough  to  fit  inside  the  cavity.  Although  the  internal 


diameter  varies  between  cyclodextrins,  the  typical  diameter  is  5-8  A,  which  is  large 
enough  to  hold  6-17  molecules  of  water.  Small  molecules  may  displace  the  water  to 
form  thermodynamically  stable  complexes.  The  inner  cavity  is  typically  hydropho- 
bic, and  core  molecules  are  stabilized  inside  the  cavity  by  van  der  Waals  forces, 
hydrogen  bonding  or  entropy-driven  hydrophobic  interactions.  The  general  over- 
view of  steps  given  in  Fig.  4  explains  the  overall  procedure. 

4.5    Electrospray  Drying 


The  technique  of  electrospraying  creates  moderately  monodisperse  and  physically 
vigorous  protein  particles.  This  process  encompasses  preparation  of  a  protein  solu- 
tion, which  is  carried  out  by  mixing  the  dry  powder  into  an  electro  spray  able  solution. 
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An  electric  field  is  used  to  create  acceptable  droplets  of  charged  liquid  coming  out 
from  a  thin  capillary  nozzle.  The  accumulation  of  charge  on  the  surface  of  the  liquid 
is  instigated  by  the  electric  field  between  the  liquid  and  counter-electrode.  Solvent 
evaporation  leaves  a  dry  residue,  which  is  followed  by  dispersal  of  the  solution 
collected  on  suitable  removal  substrates.  Insulin  nanoparticles  of  size  between  88 
and  110  nm  were  prepared  in  this  manner  [56].  However,  the  biological  activity  of 
the  electrosprayed  protein-based  nanoparticles  is  not  affected  by  the  process 
conditions  [56].  When  the  potential  difference  is  sufficient,  the  electrostatic  forces 
overcome  the  surface  tension,  the  surface  becomes  unstable  and  the  meniscus 
develops  a  conical  shape  [57].  If  the  cone  is  then  disturbed  by  a  further  charge,  it 
will  break  into  small  charged  droplets  that  will  detach  from  the  liquid  cone  and  fly 
towards  a  counter-electrode.  Several  different  spraying  modes  exist  [58,  59],  but  for 
the  production  of  monodisperse  nanosized  droplets  the  cone-jet  mode  (known  as  a 
Taylor  cone)  is  the  most  desired.  Abundant  studies  have  shown  that  electrospray 
generated  by  electrostatic  atomization  remains  functional  [60,  61],  including  an 
amalgamation  of  polymeric  drug  micro-  and  nanoparticles  [62] . 

5    Characterization  of  Biopolymeric  Micro-  and  Nanoparticles 

5.1    Particle  Size 

The  foremost  use  of  micro-  and  nanoparticles  is  their  discharge  and  targeting  to  the 
destined  site.  Particle  size  plays  an  important  role  that  adversely  affects  the  targeted 
delivery  of  the  drug.  Smaller  particles  have  a  larger  surface  area,  due  to  which  a 
maximum  of  the  loaded  drug  will  be  at  the  particle  surface  for  quick  release.  An 
enlarged  surface  area  of  the  system  indicates  augmented  surface  interactions  with 
the  particle  environment,  which  refines,  e.g.,  dissolution  to  gastrointestinal  fluids. 
Consequently,  by  decreasing  the  particle  size  the  dissolution  rate  can  be  increased, 
hence  increasing  the  effectiveness  and  limiting  resistance  to  the  diffusion  of 
substrates.  Polymer  degradation  can  also  be  affected  by  the  particle  size.  For 
example,  the  degradation  rate  of  poly(lactic-co-glycoiic  acid)  was  found  to  prolif- 
erate with  increasing  particle  size  in  vitro  [63].  Hence,  therapeutic  nanocarriers  or 
other  micro-  and  nanostructured  materials  can  be  potentially  beneficial  for  the 
engineering  of  composite  drug  delivery  applications.  A  major  disadvantage  is  that 
the  smaller  particles  tend  to  aggregate  during  storage  and  transportation  of  the 
nanoparticle  dispersion.  Hence,  there  needs  to  be  a  balance  between  minimum  size 
and  maximum  stability  of  the  nanoparticles. 

However,  the  use  of  new  technologies  for  determining  particle  size  is  in  current 
operation.  Techniques  such  as  photon-correlation  spectroscopy  (PCS)  or  dynamic 
light  scattering  (DLS)  are  widely  used  to  determine  the  size  of  Brownian 
nanoparticles  in  colloidal  suspensions  in  the  nano-  and  submicron  ranges  [64]. 
With  insignificant  alteration  to  PCS,  nanoparticle  tracking  analysis  (NT A)  is  a 
method  industrialized  by  NanoSight  Ltd.  to  decide  the  size  distribution  profile  of 
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small  particles  in  a  liquid  suspension.  The  method  is  practiced  in  conjunction  with 
an  ultramicroscope,  which  permits  small  particles  in  liquid  suspension  to  be 
envisaged  moving  under  Brownian  motion. 

A  few  studies  have  validated  the  fact  that  nanoparticles  of  submicron  size  have 
advantages  over  microparticles  as  a  drug  delivery  system.  Due  to  their  higher 
intracellular  acceptance  in  comparison  to  microparticles  and  their  widespread 
array  of  biological  targets  owing  to  their  small  size  and  relative  mobility, 
nanoparticles  are  considered  before  any  other  particle  range. 

5.2  Particle  Morphology 

The  physical  and  chemical  properties  of  nanoparticles  have  a  deep  impact  because 
they  govern  the  relationship  of  nanoparticles  with  the  environment  and  biological 
systems.  The  techniques  used  to  examine  the  morphology  of  nanoparticle  are  SEM, 
transmission  electron  microscopy  (TEM)  and  AFM,  along  with  particle  size  and 
distribution  analyses.  Other  parameters  like  morphology  or  surface  roughness  of  the 
nanoparticles  are  also  determined. 

For  TEM,  the  sample  has  to  be  ultrathin  for  the  electron  transmittance,  and  the 
dispersion  is  deposited  onto  support  grids  or  films.  Negative  staining  material  is 
used  to  withstand  the  instrument  vacuum  and  facilitate  handling.  However,  SEM  is 
different  in  that  the  solution  is  primarily  changed  into  a  dry  powder,  which  is  then 
stranded  on  a  sample  holder  and  tracked  by  coating  with  a  conductive  metal,  such  as 
gold,  using  a  sputter  coater.  The  sample  is  then  scanned  with  a  focused  fine  beam  of 
electrons. 

5.3  Particle  Stability 

Nanoparticle  suspensions  are  moderately  stable  due  to  their  colloidal  nature.  In 
general,  colloidal  suspensions  are  unwavering  and  have  very  little  tendency  to 
separate  as  a  consequence  of  deliberate  deposition,  which  is  a  result  of  the  mixing 
tendencies  of  diffusion  and  convection.  However,  some  agglomeration  can  occur. 
Colloidal  stability  can  be  analyzed  through  the  zeta  potential  of  nanoparticles.  The 
zeta  potential  reflects  the  electrical  potential  of  particles  and  is  influenced  by  the 
composition  of  the  particle  and  the  medium  in  which  it  is  dispersed.  This  potential  is 
an  indirect  measure  of  the  surface  charge.  Due  to  the  small  particle  size  and 
amplified  surface  area,  nanoparticles  tend  towards  a  more  thermodynamically  stable 
state  driven  by  an  increased  free  energy.  Thus,  without  adequate  equilibrium,  the 
accumulation  of  nanoparticles  in  the  medium  will  occur  shortly  soon  after  particle 
formation,  and  at  least  during  long-term  storage.  Nanoparticles  have  high  particle 
mobility  due  to  Brownian  motion  and,  thus,  the  particles  collide  with  each  other.  The 
probability  of  particle-particle  interactions  proliferates  with  reduced  size.  Most 
colloidal  particles  have  negative  zeta  potential  values  ranging  from  about  —100  to 
—5  mV.  Surface  charges  inhibit  the  aggregation  of  nanoparticle  polymer  dispersions 
because  of  strong  electrostatic  repulsion,  thereby  augmenting  the  stability  of  the 
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nanoparticles.  The  zeta  potential  can  also  provide  information  concerning  the  nature 
of  material  encapsulated  within  the  nanocapsule  or  coated  onto  the  surface  [65].  In 
colloids,  equilibrium  instead  of  permanent  aggregation  can  be  recognized  by  means 
of  steric  (physical  barrier)  and/or  electrostatic  stabilization  (surface  charge)  on  the 
surface  of  the  nanoparticles.  Ionic  or  non-ionic  surfactants  and  polymers  have  been 
commonly  used  to  provide  a  barrier  against  the  aggregation  of  nanoparticles  [66, 
67].  Steric  stabilization  can  be  attained  by  covering  the  particles  with  polymers, 
which  prevent  the  access  of  particles  to  the  range  of  attractive  forces  by  forming  a 
physical  barrier.  Furthermore,  a  non-ionic  amphiphilic  polymer  or  surfactant  with  a 
hydrophobic  chain  around  the  hydrophobic  drug  surface  allows  the  hydrophilic  part 
to  project  into  the  water  and,  thus,  increase  its  hydrophilicity.  Steric  interactions  are 
more  sensitive  to  temperature  fluctuations  than  electrostatic  repulsions  [68].  In 
contrast,  ionic  stabilizers  are  very  sensitive  to  changes  in  pH  and  ionic  strength, 
and  are  also  incapable  of  stabilizing  nanoparticles  in  the  dry  state  [69].  Nevertheless, 
storing  of  nanoparticles  in  suspensions  for  a  long  period  of  time  leads  to  many 
disadvantages.  The  risk  of  microbiological  adulteration,  degradation  of  premature 
polymer  by  hydrolysis,  physicochemical  instability  due  to  particle  aggregation, 
sedimentation  and  chemical  instability  of  the  drug  are  a  few  examples.  To  avoid 
such  complications,  dry  formulations  are  generally  favoured  over  suspensions.  To 
overcome  this  major  drawback,  the  use  of  various  drying  methods  have  been 
practiced  and  the  alteration  of  a  liquid  samples  into  a  dry  product  can  be  accom- 
plished by  means  of  sensitive  methods  such  as  freeze-drying  or  spray-drying 
processes.  Lyophilization  (freeze-drying)  is  considered  to  be  an  extremely  useful 
process  that  is  generally  functional  in  augmenting  the  physicochemical  stability  of 
the  nanoparticles  in  order  to  obtain  a  pharmaceutically  satisfactory  product.  This  is 
especially  useful  for  cases  in  which  the  storage  circumstances  are  unfavourable. 


6    Applications  of  Micro-  and  Nanoparticles  Based 
on  Biopolymers 

Drug  loading  in  micro-  and  nanoparticulate  systems  is  generally  carried  out  by  one  of 
two  methods,  i.e.  during  the  preparation  of  particles  (incorporation)  or  after  their 
formation  (incubation).  The  drug  delivery  properties  are  also  essentially  dependent  on 
the  chemical  and  textural  properties  of  the  matrices,  the  porosity,  wettability,  erosion 
and  the  surface  area.  The  matrix  equally  has  an  impact  on  the  discharge  profile  for  the 
bioavailability  of  the  entrapped  drug.  Nanoparticle-based  delivery  systems  have  the 
potential  power  to  improve  drug  stability,  increase  the  duration  of  the  therapeutic 
effect  and  permit  enteral  or  parenteral  administration,  which  may  prevent  or  minimize 
drug  degradation  and  metabolism  as  well  as  cellular  efflux  [70,  71].  Protein 
nanoparticles  can  conveyance  medications  transversely  across  the  blood-brain  barrier 
that  are  not  usually  passed  across  after  injection.  A  number  of  authors  have 
demonstrated  a  considerable  tendency  for  an  accumulation  of  protein  nanoparticles 
in  certain  tumours.  The  binding  of  a  variety  of  cytotoxic  drugs,  such  as  5-fluorouracil, 


286 


A.K.  Anal  and  A.  Tuladhar 


paclitaxel  and  doxorubicin,  to  albumin  or  gelatin  nanoparticles  significantly  enhanced 
the  efficacy  against  experimental  tumours  or  human  tumours  transplanted  into  nude 
mice  in  comparison  to  free  drug.  Similarly,  drug  release  and  polymer  biodegradation 
significantly  influence  the  possibility  of  obtaining  a  fruitful  nanoparticle  system.  The 
factors  generally  responsible  are  solubility  of  drug;  desorption  of  the  surface  bound  or 
adsorbed  drug;  drug  diffusion  through  the  nanoparticle  matrix;  nanoparticle  matrix 
erosion  or  degradation;  and  combination  of  erosion  and  diffusion  processes.  Accord- 
ingly, the  solubility,  diffusion  and  biodegradation  of  the  matrix  materials  control  the 
release  practice.  When  the  dispersal  of  the  drug  is  quicker  than  matrix  erosion,  the 
mechanism  of  discharge  is  principally  controlled  by  a  diffusion  process.  When  there 
is  a  rapid  initial  release  or  "burst"  it  is  chiefly  accredited  to  inadequate  binding  of  drug 
to  the  large  surface  of  nanoparticles.  However,  when  the  drug  is  loaded  by  the 
incorporation  method,  there  is  a  comparatively  slight  burst  effect  and  persistent 
release  features.  Similarly,  when  the  particle  is  coated  with  polymer,  the  release  is 
then  measured  by  dispersal  of  the  drug  from  the  core  across  the  polymeric  membrane. 

6.1    Chitosan  and  Its  Derivatives  for  Pharmaceutical  Applications 

Recently,  the  use  of  chitosan  in  drug  formulation  development  has  increased  many 
fold.  Chitosan  exhibits  excellent  compatibility  with  organic  compounds  such  as 
cationic  dyes  and  surfactants,  starches,  quaternary  ammonium  salts  and  with  most 
cationic  and  non-ionic  polymers.  Multivalent  anions  can  easily  crosslink  with 
chitosan  to  form  complexes.  Chitosan  has  many  advantages,  including  its  cationic 
nature  that  allows  for  ionic  crosslinking  with  multivalent  anions;  its  mucoadhesive 
character,  which  increases  residual  time  at  the  site  of  absorption;  the  lack  of  need  to 
use  hazardous  organic  solvents  for  fabricating  particles  since  it  is  soluble  is  aqueous 
acidic  solution;  it  is  linear  polyamine  containing  a  number  of  free  amine  groups  that 
are  readily  available  for  crosslinking;  and  last  but  not  least,  its  ability  to  control  the 
release  of  active  agents.  Chitosan  has  been  investigated  for  its  possible  role  in 
controlling  the  release  of  active  medicines. 

To  further  enhance  the  solubility  of  chitosan  and  to  improve  its  muco- 
adhesive and/or  permeation  enhancing  properties,  various  derivatives  such  as 
trimethylated  chitosan  [72],  mono-A^-carboxymethylchitosan,  A^-sulfo-chitosan 
and  chitosan-EDTA  conjugates  have  been  prepared.  A  further  modification  is 
based  on  the  immobilization  of  thiol-bearing  moieties  on  the  polymeric  backbone 
of  chitosan. 

6.1.1    Chitosan  as  Binder  in  Tablets 

Chitosan  (molecular  weight,  19-400  kDa;  degree  of  deacetylation,  75-98%)  has 
been  evaluated  as  a  directly  compressible  vehicle  for  tablets,  but  has  found  limited 
utility  due  to  the  lack  of  good  flow  properties  and  compressibility.  The  influence  of 
excipient  (lactose,  sodium  lauryl  sulfate,  sodium  alginate,  hydroxypropyl  methyl 
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cellulose,  carbopol  and  citric  acid)  on  drug  release  from  chitosan  matrix  tablets  was 
investigated  using  diltiazem  hydrochloride.  Upadrastha  and  coworkers  investigated 
the  potential  applications  of  chitosan  as  a  binder.  Chitosan,  when  used  at  a  concen- 
tration of  2%  of  the  tablet  weight,  led  to  only  30%  of  the  drug  being  dissolved  in  the 
same  time  period. 

6.1.2    Chitosan  for  Dental  Disease 

Local  delivery  of  drugs  and  other  bioactive  agents  directly  into  the  periodontal 
pocket  has  received  a  lot  of  attention  lately.  The  adherence  of  oral  bacteria  on  the 
tooth  surface  leads  to  plaque  formation.  It  is  believed  that  the  adhesion  between  the 
bacteria  and  tooth  surface  is  due  to  electrostatic  and  hydrophobic  interactions. 
These  interactions  are  disrupted  by  chitosan  because  of  competition  by  the  posi- 
tively charged  amine  groups.  A  cross-over  experiment  was  performed  to  evaluate 
the  effect  of  phosphorylated  chitosan  on  plaque  formation.  The  test  group  of  human 
subjects  rinsed  with  a  mouthwash  containing  0.5%  (w/v)  phosphorylated  chitosan 
three  times  a  day.  After  3  days  of  wash  out,  the  same  subjects  rinsed  with  a 
mouthwash  without  chitosan  (placebo  group).  Following  a  4-day  rinsing  period, 
the  newly  formed  plaque  on  the  upper  front  teeth  was  distinguished  from  the  old 
plaque  by  the  use  of  a  two-tone  disclosing  agent  (Dis-plaque).  In  comparison  to 
placebo,  the  test  solution  significantly  reduced  both  the  newly  formed  and  old 
plaque  on  the  upper  front  teeth.  The  test  solution  reduced  the  newly  formed  plaque 
by  26%  as  compared  to  the  placebo,  whereas  the  old  plaque  was  reduced  by  61%  as 
compared  to  placebo  [49] . 

A  very  intriguing  development  concerns  a  drug  delivery  system  for  the 
treatment  of  periodontitis.  It  consists  of  two  components.  The  first  is  a  clay 
product  loaded  with  tetracycline.  The  clay  product  is  coated  with  chitosan  to 
retard  drug  release.  The  second  component  is  a  thermo-responsive  polymer 
mixed  with  polyethylene  glycol  that  is  syringable  at  room  temperature  but 
solidifies  upon  warming  up  to  body  temperature.  The  solidified  polymer  remains 
60  min  in  situ.  After  that  time,  it  still  inhibits  the  formation  of  bacterial  colonies, 
and  still  contains  much  more  of  the  antibiotic  than  the  control  containing  no 
chitosan. 

6.2    Chitosan  for  Buccal  Delivery  Systems 

An  ideal  buccal  delivery  system  should  stay  in  the  oral  cavity  for  at  least  few  hours 
and  release  the  active  ingredients  in  a  unidirectional  way  towards  the  mucosa  in  a 
controlled  or  sustained-release  fashion.  Muco-  and  bioadhesive  polymers  are  sup- 
posed to  prolong  the  residence  time  of  the  device  in  the  oral  cavity.  One  of  the 
experiments  developed  a  direct  staining  method  to  visualize  the  polymer  adhesion 
to  human  buccal  cells  after  exposure  to  an  aqueous  dispersion  of  chitosan.  An 
in  vivo  study  was  performed  on  a  test  group  of  human  subjects,  who  rinsed  with 
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30  mL  of  0.1%  (w/v)  of  chitosan  dispersion  for  30  s.  Periodically,  the  buccal  cells 
were  harvested  from  the  cheek  and  suspended  in  0.25  M  sucrose  solution.  Buccal 
cells  harvested  from  the  cheeks  of  human  subjects  who  received  no  treatment  were 
used  as  control.  The  results  showed  that  chitosan  formulation  was  able  to  adhere  to 
the  human  buccal  cells  for  at  least  1  h. 

Chitosan  microspheres,  prepared  by  spray-drying,  were  loaded  with 
cholorohexidine,  a  drug  that  is  used  for  treating  chronic  Candida  infection.  The 
microspheres  along  with  mannitol  and  sodium  alginate  as  excipients  were  com- 
pressed into  tablets  by  direct  compression.  Tablets  containing  40  mg  of  the  drug 
were  administered  buccally  to  human  subjects.  The  control  group  rinsed  with  a 
commercial  mouthwash  (DentosanR)  containing  0.2%  (w/v)  chorohexidine.  For  the 
control  group,  the  salivary  drug  concentrations  were  very  low  and  no  drug  was 
detected  after  2  h  whereas  the  drug  was  still  detected  even  after  3  h  in  the  saliva  of 
the  test  group  [54] . 


6.2.1    Chitosan  Beads,  Microcapsules  and  Microspheres  for  Gastrointestinal 
Delivery  Systems 

Many  gastric  retentive  devices  have  been  developed  such  as  high-density  systems, 
expandable  systems,  superporous  hydrogel  systems,  intragastric  floating  systems 
and  mucoadhesive  systems.  In  view  of  recent  problems  concerned  with 
Helicobacter  pylori  infection,  causing  ulcerations,  many  researchers  have  been 
trying  to  make  effective  sustained  release  antibacterial  therapy.  Tetracycline-loaded 
chitosan  microspheres  have  been  developed  for  stomach-specific  delivery.  The 
microspheres  prepared  by  ionic  precipitation  with  sulfate  were  spherical  in  shape 
with  an  average  diameter  of  2-3  um  and  were  55%  drug-loaded.  It  was  found  that 
only  about  60%  of  the  entrapped  tetracycline  was  released  in  2  h  into  the  medium  of 
pH  3.5  whereas  the  microspheres  were  instantly  dissolved  at  pH  1.2-2.0.  Another 
study  examined  the  gastric  residence  time  of  chitosan  microspheres  following  oral 
administration  in  fasted  gerbils.  Because  of  the  instant  dissolution  of  those 
microspheres  at  pH  1.2-2.0,  the  effect  of  acid  suppression  on  the  chitosan  micro- 
sphere residence  time  and  on  the  tetracycline  concentrations  in  stomach  was  also 
examined.  Similar  results  were  obtained  as  in  vitro.  As  a  result  of  these  studies, 
chemically  crosslinked  glyoxal  chitosan  microspheres  were  developed  that  showed 
increased  stability  even  at  pH  1.2-2.0.  These  microparticles  were  settled  and  adhere 
to  gastric  mucosa  by  electrostatic  interaction.  A  large  fraction  of  the  administered 
chitosan  microsphere  dose  was  found  in  the  colon  after  6  h.  The  tetracycline 
concentration  in  the  stomach  from  the  crosslinked  chitosan  microspheres  was  higher 
than  that  of  the  non-crosslinked  microspheres  for  all  times  of  administration. 

Chitosan  is  a  promising  polymer  for  colon  delivery  because  it  can  be  biodegraded 
by  the  colonic  microflora  and  it  has  mucoadhesive  character.  A  thorough  study  has 
been  carried  out  on  chitosan  beads  obtained  by  ionotropic  gelation  with  alginate  or 
tripolyphosphate.  The  aim  was  to  develop,  using  natural  polymers,  a  controlled 
release  system  that  would  resist  the  conditions  in  the  stomach  and  release  its  drug 
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content  in  a  slow  controlled  way,  preferably  in  linear  fashion.  In  a  model  study, 
chitosan  beads  loaded  with  BSA  were  obtained  by  dropping  a  chitosan  albumin 
mixture  in  a  alginate  coagulation  bath  [48] .  Beads  were  obtained  that  were  amenable 
to  controlled  release  depending  on  the  fluid  in  which  the  beads  were  incubated.  After 
a  successful  study  with  BSA  as  model  compound,  these  chitosan-alginate  beads 
loaded  with  ampicillin  showed  nearly  complete  drug  retention  in  mimicked  gastric 
conditions  in  simulated  gastric  fluid  (SGF)  but  released  their  content  in  simulated 
intestinal  fluid  (SIF).  Bead  formation  was  studied  in  the  presence  of  competitive 
cations  Ca  and  Ba  in  order  to  change  the  release  characteristics  of  the  beads  [48] . 
Addition  of  barium  to  the  system  revealed  the  conditions  at  which  a  linear  release 
over  about  24  h  could  be  accomplished. 

A  capsule  of  chitosan  with  an  enteric  coating  and  filled  with  the  marker  carboxy 
fluoresceine  and  a  low  molecular  weight  enhancer  has  been  studied  for  uptake  in  the 
colon.  In  preliminary  studies,  dodecyl  maltose  was  show  to  be  a  more  effective 
enhancer  than  sodium  glycocholate,  sodium  salicylate  and  sodium  caprate.  All  four 
enhancers  were  more  active  in  the  colon  but  the  maltose  compound  was  the  best. 
This  was  tested  in  the  capsule.  The  capsule  containing  the  maltose  compound  and 
the  fluoresceine  marker  was  applied  orally  and  gave  rise  to  the  highest  plasma 
fluorescence.  A  solution  or  gelatin  capsules  were  less  effective.  The  capsule  is  a 
candidate  for  controlled,  colon-specific  uptake.  It  should  be  noted  that  colon- 
specific  delivery  can  also  be  accomplished  by  coating  a  capsule  with  pectin.  This 
is  only  dissolved  in  the  large  intestine.  There  are  interesting  possibilities  in  combi- 
nation with  chitosan. 

The  TV-acetyl  chitosans  are  the  most  interesting  for  controlled  release. 
Galactosylated  chitosan  microspheres  have  been  prepared.  Production  of  more 
specific  oligoglycoside-chain  chitosan  might  develop  into  active  targeting  of  spe- 
cific tissues.  Pectinate  gel  beads  modified  with  trimethyl  chitosan  have  been 
prepared  and  evaluated  for  colon  targeted  delivery  of  macromolecules. 

Chitosan  beads  containing  prednisolone  were  implanted  in  mouse  skin  within 
induced  local  inflammatory  air  pouches.  These  chitosan  beads  are  biocompatible 
and  biodegradable  vehicles  for  treatment.  An  effective  dose  can  be  given  in 
combination  with  prolonged  periods  of  local  drug  presence.  This  compares  advan- 
tageously with  injection  of  a  prednisolone  suspension. 


6.3    Chitosan  Nanoparticles  for  Drug  Delivery,  Gene  Therapy 
and  Cancer  Therapy 

Among  the  various  drug  delivery  systems,  nanoparticles  have  several  advantages, 
such  as  high  drug  encapsulation  efficiency,  efficient  drug  protection  against  chemi- 
cal or  enzymatic  degradation,  unique  ability  to  create  a  controlled  release,  cell 
internalization  as  well  as  the  ability  to  reverse  the  multidrug  resistance  of  tumour 
cells.  They  could  also  provide  one  solution  for  delivery  of  new  classes  of  active 
molecules  such  as  peptides,  proteins,  genes  and  oligonucleotides.  However,  the 


290 


A.K.  Anal  and  A.  Tuladhar 


main  drawback  of  these  carriers  is  their  nonspecific  interaction  with  cells  and 
proteins,  leading  to  the  drug  accumulation  in  non-target  tissues. 

Chitosan  has  been  used  a  carrier  for  DNA  for  gene  delivery  applications.  The 
cationically  charged  chitosan  can  form  polyelectrolyte  complexes  with  the  nega- 
tively charged  plasmid  DNA.  Chitosan-DNA  complexes  could  be  protected  from 
DNAse  to  improve  the  bioavailability  of  the  plasmid  DNA  delivered  into  the  body 
for  gene  therapy.  Also,  chitosan  could  be  a  useful  gene  carrier  because  of  its 
mucoadhesive  and  cohesive  properties  in  the  gastrointestinal  tract.  The  advantage 
of  chitosan-based  vectors  lies  not  only  in  avoiding  cytotoxicity  problems  that  are 
inherent  in  most  synthetic  polymeric  vehicles  but  also  in  their  unique  capability  for 
transcellular  transport. 

Chitosan-DNA  nanoparticles  have  been  prepared  and  the  influence  of  several 
parameters  on  their  preparation  evaluated.  Transfection  efficiency  of  the 
nanoparticles  were  cell-type  dependent.  The  study  also  developed  three  different 
schemes  to  conjugate  transferrin  or  KNOB  protein  to  the  nanoparticle  surface.  The 
transferrin  conjugation  only  yielded  a  maximum  of  fourfold  increase  in  transfection 
efficiency  in  HEK293  cells  and  HeLa  cells,  whereas  KNOB -conjugated 
nanoparticles  could  improve  the  gene  expression  level  in  HeLa  cells  by  130-fold. 
The  usefulness  of  the  complex  of  chitosan  self-aggregates  and  DNA  for  transfer  of 
genes  into  mammalian  cells  in  vitro  has  also  been  suggested.  Several  transfection 
studies  using  chemically  modified  chitosan  have  been  reported.  Trimethyl  chitosan 
oligomers,  lactosylated  chitosan  and  galactosylated  chitosan  were  examined  for 
their  potency  as  DNA  carriers  and  transfection  efficiency  in  in  vitro  systems. 
Incorporation  of  hydrophobic  moieties  might  considerably  increase  the  transfection 
efficiency:  with  longer  alkyl  side  chains,  the  transfection  efficiency  was  increased 
and  levelled  off  when  the  number  of  carbons  in  the  side  chain  exceeded  eight.  The 
higher  transfection  efficiency  is  attributed  to  increased  entry  into  cells,  facilitated 
by  hydrophobic  interactions  and  easier  unpacking  of  DNA  from  alkylated  chitosan 
carriers  due  to  the  weakening  of  electrostatic  attractions  between  DNA  and 
alkylated  chitosan. 

Numerous  studies  have  been  conducted  on  prophylactic  and  therapeutic  use  of 
genetic  vaccines  for  combating  a  variety  of  infectious  diseases  in  animal  models.  A 
human  clinical  study  with  the  gene  gun  has  validated  the  concept  of  direct  targeting 
of  dendritic  cells  in  the  viable  epidermis  of  the  skin.  However,  it  is  unclear  whether 
the  gene  gun  technology  or  other  needle-free  devices  will  be  commercially  viable. 
A  very  recent  study,  has  proposed  folate-chitosan-DNA  nanoparticles  as  having 
low  cytotoxicity  and  good  DNA  condensation,  making  them  a  promising  candidate 
for  nonviral  gene  therapy.  Chitosan-DNA  and  folate-chitosan-DNA  nanoparticles 
were  prepared  using  reductive  amidation  and  a  complex  coacervation  process. 

The  potential  of  gadolinium-loaded  chitosan  nanoparticles  has  been 
demonstrated.  The  potential  of  gadolinium  neutron-capture  therapy  for  cancer 
was  evaluated  using  chitosan  nanoparticles  as  a  novel  device.  Later,  the  similar 
gadopentectic  acid-loaded  chitosan  nanoparticles  were  prepared  for  gadolinium 
neutron-capture  therapy.  Their  releasing  properties  and  ability  for  long-term  reten- 
tion in  the  tumour  indicated  that  these  particles  are  useful  as  intratumoural 
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injectable  devices  for  gadolinium  neutron  capture  therapy.  The  accumulation  of 
drug-loaded  chitosan  nanoparticles  in  tumour  cells  (L929  fibroblast  cultured  cells 
as  model)  was  100-200  times  higher  in  comparison  to  dimeglumine  gadopenteate 
aqueous  solution  (a  magnetic  resonance  contrast  agent).  These  findings  indicated 
the  higher  affinity  of  chitosan  nanoparticles  to  tumour  cells,  thus  contributing  to  the 
long  retention  of  gadolinium  in  tumour  tissue  and  leading  to  suppression  of  tumour 
growth  in  in  vivo  studies.  The  nanoparticles  have  recently  been  regarded  as 
promising  carriers  in  breaching  the  epithelial  and  enzymatic  barriers  to  enhance 
the  bioavailability  of  biomolecules.  Surface-modified  triglyceride  nanoparticles, 
using  chitosan  for  salmon  calcitonin  delivery,  have  been  developed  and  showed  that 
chitosan  could  be  formed  around  the  triglyceride  nanoparticles  by  simple  incuba- 
tion of  the  lipid  cores  in  chitosan  solution,  due  to  the  high  affinity  of  chitosan  for  the 
lipid  core,  to  provide  a  continuous  and  slow  release  of  the  associated  peptide. 
Recently,  chitosan  nanoparticles  have  been  coated  to  enhance  their  stability  and 
to  prevent  immediate  desorption  in  body  fluids,  including  gastrointestinal  fluids. 
Sodium  alginate  was  used  as  a  coating  material.  In  vitro  release  studies  showed  that 
the  presence  of  an  alginate  layer  around  the  nanoparticles  was  able  to  prevent  a 
burst  release  of  loaded  model  antigen  and  to  improve  the  stability  of  the 
nanoparticles  in  simulated  gastrointestinal  fluid.  Liposomes  have  been  coated  by 
chitosans  to  enhance  their  stability  for  oral  administration  of  peptide  drugs.  It  was 
found  that  the  chitosan-coated  liposomes  are  more  penetrative  into  the  intestinal 
mucosa  and  have  higher  retentive  properties  than  non-coated  liposomes. 

The  emergence  of  bioactive  food  compounds  (neutraceuticals)  with  health 
benefits  provides  an  excellent  opportunity  to  improve  public  health.  The 
incorporation  of  bioactive  compounds,  such  as  peptides  and  vitamins,  into  food 
systems  holds  much  promise  in  the  development  of  innovative  functional  foods  that 
may  have  physiological  benefits  or  reduce  the  risk  of  diseases.  Compared  to 
pharmaceutical  applications,  little  work  has  been  done  on  the  encapsulation 
properties  of  chitosan  nanoparticles  for  the  oral  administration  of  neutraceuticals 
in  healthy  food.  More  recently,  chitosan  has  been  identified  as  a  versatile  biopoly- 
mer  for  a  broad  range  of  health  and  food  applications  because  of  its  safety  and  non- 
toxicity  in  human  beings.  Because  chitosan  matrix  is  not  stable  at  very  low  pH, 
modifications  to  the  chitosan  micro-  or  nanoparticles  might  be  able  to  protect  them. 


6.4   Applications  of  Alginate  Nanoparticles 

6.4.1    Alginate  Nanoparticles  as  Antituberculosis  Drug  Carriers 

An  alginate-based  nanoparticulate  delivery  system  was  developed  for  frontline 
antituberculosis  drugs  (rifampicin,  isoniazid,  pyrazinamide  and  ethambutol).  Algi- 
nate nanoparticles  were  prepared  by  controlled  cation-induced  gelification  and 
administered  orally  to  mice.  The  drug  levels  were  analysed  by  high  performance 
liquid  chromatography  (HPLC)  in  plasma  and  tissues.  The  therapeutic  efficacy  was 
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evaluated  in  M.  tuberculosis  H37Rv-infected  mice.  High  drug  encapsulation  effi- 
ciency was  achieved  in  alginate  nanoparticles,  ranging  from  70%  to  90%.  A  single 
oral  dose  resulted  in  therapeutic  drug  concentrations  in  the  plasma  for  7-11  days 
and  in  the  organs  (lungs,  liver  and  spleen)  for  15  days.  In  comparison  to  free  drug 
(which  were  cleared  from  plasma  and  organs  within  12-24  h),  there  was  a  signifi- 
cant enhancement  in  the  relative  bioavailability  of  encapsulated  drugs.  In  TB- 
infected  mice,  three  oral  doses  of  the  formulation  spaced  15  days  apart  resulted  in 
complete  bacterial  clearance  from  the  organs,  compared  to  45  conventional  doses 
of  orally  administered  free  drug. 

6.4.2    Sodium  Alginate-Chitosan  Composite  Films  for  Fabrication 
of  Antibacterial  Silver  Nanoparticles 

A  new  and  simple  ecofriendly  method  for  the  synthesis  of  silver  nanoparticles  (Ag 
NPs)  using  a  natural  biopolymer,  sodium  alginate,  as  both  reducing  and  stabilizing 
agent  has  been  reported.  The  synthesized  NPs  were  characterized  using  UV-vis 
spectroscopy,  TEM  and  selected  area  electron  diffraction  (SAED)  pattern.  The 
alginate-capped  NPs  (Alg-Ag  NPs)  were  found  to  be  antibacterial.  The  Alg-Ag 
NPs  were  blended  with  varying  amounts  of  chitosan  to  form  polyelectrolyte 
complexes  that  were  cast  into  stable  films.  The  films  were  characterized  by  field 
emission  scanning  electron  microscopy  (FESEM),  optical  microscopy,  Fourier 
transform  infrared  spectroscopy  (FTIR)  and  X-ray  diffraction  (XRD).  The  water 
uptake  and  mechanical  properties  of  the  films  were  also  studied.  The  blended  films 
demonstrated  excellent  antibacterial  activity  against  both  Gram-negative  and 
Gram-positive  bacteria,  with  more  activity  against  Gram-positive  bacteria.  Thus, 
the  developed  films  have  a  potential  to  be  used  for  various  antibacterial  applications 
in  biotechnology  and  biomedical  fields. 

6.5   Applications  of  Gelatin  Nanoparticles 

6.5.1    Nonviral  Gene  Delivery  Vectors 

Cationized  gelatin  nanoparticles  have  shown  the  potential  of  being  a  new  effective 
carrier  for  nonviral  gene  delivery.  The  major  benefit  of  gelatin  nanoparticles  is  not 
only  the  very  low  cell  toxicity,  but  also  their  simple  production,  combined  with  low 
cost.  Native  gelatin  nanoparticles  were  prepared  by  a  two-step  desolvation  tech- 
nique. In  order  to  bind  DNA  by  electrostatic  interaction  onto  the  surface  of  the 
particles,  the  quartenary  amine  cholamine  was  covalently  coupled  to  the  particles. 
The  modified  nanoparticles  were  loaded  with  different  amounts  of  plasmid  in 
varying  buffers  and  compared  to  polyethyleneimine-DNA  complex  as  a  standard. 
Transfection  ability  of  the  loaded  nanoparticles  was  tested  on  B16F10  cells. 
Additionally,  the  cell  toxicity  of  the  formulation  was  monitored.  Different  setups 
resulted  in  efficient  gene  delivery,  displayed  by  an  exponential  increase  in  gene 
expression.  The  gene  expression  itself  occurred  with  a  certain  delay  after 
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transfection.  In  contrast  to  polyethyleneimine  complexes,  cationized  gelatin 
nanoparticles  showed  almost  no  significant  cytotoxic  effects. 


7  Conclusions 

The  progression  of  micro-  and  nanoparticle  research  approaches  has  remained 
noticeable  for  the  low  amount  of  contaminated  and  poisonous  components,  gener- 
alization of  the  technique  to  permit  financial  scale-up,  and  optimization  to  expand 
yield  and  set-up  efficiency.  Well-organized  drug  frame-up  and  conversion  to  larger 
scales  are  of  greatest  importance  to  manufacturing  applicability.  Micro-  and 
nanoparticles  are  basically  established  from  a  diversity  of  resources,  e.g.  synthetic 
polymers,  proteins  and  polysaccharides.  Natural  polymeric  materials  are  beneficial 
in  comparison  to  man-made  polymers  because  they  are  biodegradable,  biocompati- 
ble and  nontoxic.  With  abundant  groundwork,  approaches  for  manufacturing 
particles  and  significant  industrial  developments  have  been  accomplished. 
Depending  on  the  physico-chemical  characteristics  of  a  drug,  superlative 
techniques  for  preparing  the  polymer  to  accomplish  a  well-organized  entrapment 
of  the  drug  have  also  become  an  easy  task.  The  selected  scheme  can  curtail  the  loss 
of  medicine  or  control  its  pharmacological  movement. 
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Applications  of  Glyconanoparticles  as  "Sweet" 
Glycobiological  Therapeutics  and  Diagnostics 

Naresh  Kottari,  Yoann  M.  Chabre,  Rishi  Sharma,  and  Rene  Roy 


Abstract  Combining  nanotechnology  with  glycobiology  has  triggered  an  exponential 
growth  of  research  activities  for  the  design  of  novel  functional  bionanomaterials 
(glyconanotechnology).  More  specifically,  recent  advances  in  the  tailored  and  versatile 
synthesis  of  glycosylated  nanoparticles  (glyconanoparticles),  considered  as  synthetic 
mimetics  of  natural  glycoconjugates,  have  paved  the  way  towards  diverse  biomedical 
applications.  The  accessibility  of  a  wide  variety  of  these  structured  nanosystems, 
in  terms  of  shape,  size,  and  organization  around  stable  nanoparticles,  have  readily 
contributed  to  their  development  and  application  in  nanomedicine.  In  this  context, 
glycosylated  gold  nanoparticles,  glycosylated  quantum  dots,  fullerenes,  single-wall 
nanotubes,  and  self-assembled  glyconanoparticles  using  amphiphilic  glycopolymers  or 
glycodendrimers  have  received  considerable  attention  for  their  application  in  powerful 
imaging,  therapeutic,  and  biodiagnostic  devices. 

This  chapter  provides  an  overview  of  the  most  recent  syntheses  and  applica- 
tions of  glyconanoparticles  that  have  deepened  our  understanding  of  multivalent 
carbohydrate-protein  interactions.  Together  with  sensitive  detection  devices, 
inhibitors  of  bacterial  adhesion  to  host  tissue,  and  cancer  vaccines  in  therapeutic 
systems  (including  photosensitizers  for  photodynamic  therapies),  these  novel 
bionanomaterials  are  finding  widespread  relevance.  The  recent  development  of 
glyconanoparticle-based  chemotherapeutic  drug  delivery  agents  will  also  be 
addressed,  together  with  their  molecular  imaging  properties  for  MRI  or  as  X-ray 
contrast  agents,  as  platforms  for  selective  immunolabeling  and  imaging  of  cells, 
and  as  colorimetric  devices  in  various  bioassays. 
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1  Introduction 

Nanoparticles  (NPs)  conjugated  with  sugar  moieties  (referred  to  here  as  glyconano- 
particles  or  GNPs)  have  been  extensively  used  for  multivalent  presentation  of 
carbohydrates  in  biomedical  applications.  The  globular  shapes  and  diversified  nano- 
meter sizes  of  NPs,  some  of  which  are  comparable  to  those  of  biomacromolecules,  make 
them  efficient  scaffolds  for  the  syntheses  of  "glycocalyx-like"  building  blocks  exposing 
multiple  copies  of  oligosaccharide  conjugates.  By  using  simple  and  efficient  preparative 
methods  available  for  the  synthesis  and  functionalization  of  NPs,  a  wide  variety  of 
biorelevant  glycans  have  been  coated  onto  the  NPs.  Furthermore,  several  molecules 
have  been  attached  to  single  nanoparticle  surfaces  to  afford  hybrid  NPs  and,  by  varying 
the  ratios  of  different  ligands,  their  presentation  density  can  be  controlled  [1].  A  wide 
variety  of  linkers  have  been  used  for  the  chemical  ligation  between  the  two  partners  and 
for  better  exposure  of  carbohydrate  head  groups  to  their  cognate  molecular  receptors, 
which  is  key  to  achieving  high  avidity  multicontact  binding. 

By  altering  experimental  conditions,  it  is  possible  to  tune  the  dimensions  of  the 
NPs,  which  is  directly  coupled  to  their  stability,  cytotoxicity  and  electronic,  optical, 
and  magnetic  properties.  The  size  and  shape  of  NPs  have  been  shown  to  play  several 
crucial  roles  in  their  in  vivo  characteristics.  For  instance,  renal  clearance,  liver  and 
mononuclear  phagocyte  uptake,  and  intracellular  delivery  are  a  few  examples  wherein 
the  use  of  NPs  could  be  advantageous.  Intracellular  delivery  is  also  dictated  by  the 
charge  of  the  NP  surface  groups,  and  internalization  can  occur  through  interaction 
with  specialized  cellular  receptors  or  by  one  of  the  endocytosis  mechanisms. 
In  addition,  surface  functionalization  is  also  a  major  factor  in  determining  the  stability, 
toxicity,  and  long-term  circulation  abilities  of  the  NPs.  Poly(ethyleneglycol)  (PEG) 
and  carbohydrates  (including  mono-  and  polysaccharides)  are  often  used  to  reduce  the 
toxicity  and  to  achieve  the  long-term  circulation  of  NPs  in  the  blood  stream. 
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Fig.  1  Representation  of  accessible  multivalent  glyconanoparticles  reviewed  in  this  chapter 

For  chemotherapy,  NP-based  drugs  have  the  additional  advantage  of  being  more 
readily  accumulated  in  tumor  tissues  than  in  normal  tissues  due  to  the  enhanced 
permeability  and  retention  (EPR)  effect  of  the  tumor  vasculature.  The  increased  vascular 
permeability  of  tumor  blood  vessels  to  NPs  and  ineffective  lymphatic  drainage  due  to 
the  poor  development  of  lymphatic  vessels  in  tumor  tissue  can  lead  to  accumulation  of 
NPs  in  the  tumor  surroundings.  As  such,  NP-based  drugs  conjugated  with  cellular 
targeting  carbohydrate  agents  could  be  effective  chemotherapeutic  agents  for  different 
types  of  cancers.  This  subject  will  be  extensively  examined  throughout  the  chapter. 

Combining  nanotechnology  with  glycobiology  has  triggered  an  exponential  growth 
of  research  activities  in  the  design  of  novel  functional  bionanomaterials  (glyconano- 
technology).  More  specifically,  recent  synthetic  advances  towards  the  tailored  and 
versatile  architectural  assembly  of  glycosylated  nanoparticles  (glyconanoparticles), 
considered  as  synthetic  mimetics  of  natural  glycoconjugates,  have  paved  the  way 
towards  diverse  biomedical  applications.  The  accessibility  of  a  wide  variety  of  these 
structured  nanosystems,  in  terms  of  shape,  size,  and  organization  around  stable 
nanoparticles,  have  readily  contributed  to  their  development  and  application  in 
nanomedicine  [2].  In  this  context,  glycosylated  gold  nanoparticles,  glycosylated 
quantum  dots  (QDs),  fullerenes,  single- wall  nanotubes  (SWNTs),  and  self-assembled 
glyconanoparticles  using  amphiphilic  glycopolymers  or  glycodendrimers  have 
received  considerable  attention  for  their  application  in  powerful  imaging,  therapeutic, 
and  biodiagnostic  devices  (Fig.  1). 

This  chapter  will  provide  an  overview  of  the  most  recent  syntheses  and  applications 
of  glyconanoparticles  that  have  deepened  our  understanding  of  multivalent 
carbohydrate-protein  interactions.  Together  with  sensitive  detection  devices, 
inhibitors  of  bacterial  adhesion  to  host  tissue,  and  cancer  vaccines  in  therapeutic 
systems,  including  photosensitizers  for  photodynamic  therapies  (PDT),  these  novel 
bionanomaterials  are  finding  widespread  relevance.  The  recent  development  of 
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Fig.  2  Applications  involving  glycosylated  nanoparticles 

glyconanoparticle-based  chemotherapeutic  drug  delivery  agents  will  also  be 
addressed,  together  with  their  molecular  imaging  properties  for  magnetic  resonance 
imaging  (MRI)  or  as  X-ray  contrast  agents,  as  platforms  for  selective  immunolabeling 
and  imaging  of  cells,  and  as  colorimetric  devices  in  various  bioassays  (Fig.  2).  Several 
specialized  reviews  have  already  dealt  with  most  of  these  topics  [3-9];  however, 
this  chapter  will  comprehensively  disclose  a  few  examples  for  each  of  all  known 
nanoparticle  carriers  (Fig.  1). 

2  Glycodendrimers 

A  dendrimer  is  a  synthetic  highly  branched  monodisperse  and  polyfunctional  macro- 
molecule,  which  is  constituted  by  repetitive  units  (so-called  "generations")  that  are 
chemically  bound  to  each  other  by  an  arborescent  process  around  a  multifunctional 
central  core  [10,  11].  Thus,  dendrimers  are  structurally  well  defined  and  can  be 
synthesized  from  a  fully  controlled  iterative  approach.  The  concept  of  repetitive  and 
controlled  synthetic  growth  with  branching  was  first  reported  in  1978  by  Vogtle  et  al., 
who  achieved  the  construction  of  a  low  molecular  weight  "cascade"  poly  amine  [12], 
followed  by  divergent  macromolecular  synthesis  giving  birth  to  the  first  true  well- 
characterized  dendrimers,  named  "arborols"  [13]  and  "PAMAM"  [poly(amidoamine)] 
dendrimers  [14].  Until  the  mid-1990s,  scientific  efforts  boosted  the  efficient  control  of 
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the  two  main  synthetic  strategies  that  were  used  to  construct  perfectly  branched 
dendrimers:  the  divergent  and  the  convergent  approaches  [10].  Over  time,  accelerated 
alternatives  have  been  developed  in  order  to  increase  the  synthetic  efficiency  and  to 
reach  a  substantially  higher  number  of  peripheral  functionalities.  Furthermore,  clever 
adaptations  and  combination  of  expeditious  strategies  based  on  suitably  functionalized 
cores  or  dendrons  have  allowed  the  direct  access  of  complex  dendritic  structures.  The 
perfect  control  of  tri-dimensional  parameters  (size,  shape,  geometry);  the  covalent 
introduction  of  functionalities  to  the  core,  branches,  or  high  number  of  surface  groups; 
or  the  physical  encapsulation  of  functionalities  in  the  microenvironment  created  by 
cavities  can  all  help  confer  optimal  properties  of  solubility  and  hydrophilic/hydrophobic 
balance  for  the  required  application.  Thus,  creativity  has  allowed  these  structures  to 
become  integrated  with  nearly  all  contemporary  scientific  disciplines. 

Undoubtedly,  the  merging  of  biology  and  nanomedicine  represents  new  fields  that 
have  generated  the  highest  passion  for  these  architectures.  Thus,  the  very  unique  structures 
and  properties  of  glycodendrimers  have  motivated  their  use  in  numerous  disciplines 
including  nanomedicine,  with  biomedical  and  therapeutic  applications  such  as  drug  or 
gene  delivery  devices  with  beneficial  EPR  effect  for  anticancer  therapy  [15,  16],  and 
antibacterial,  antiviral,  or  antitumor  agents.  The  use  of  dendrimers  in  biological  systems, 
together  with  systematic  studies  of  the  most  common  dendritic  scaffolds  to  determine 
their  biocompatibility,  including  in  vitro  and  in  vivo  cytotoxicity,  biostability,  and 
immunogenicity,  have  been  extensively  reviewed  [17, 18].  One  typical  example  concerns 
the  use  of  dendrimers  as  "glycocarriers"  for  the  control  of  multimeric  presentation  of 
biologically  relevant  carbohydrate  moieties,  which  are  useful  for  targeting  modified  tissue 
in  malignant  diseases  for  diagnostic  and  therapeutic  purposes.  In  such  molecules 
(glycodendrimers),  the  saccharide  portions  are  conjugated  according  to  the  principles  of 
dendritic  growth  or  are  ligated  to  pre-existing  highly  functionalized  and  repetitive 
dendritic  scaffolds  having  varied  molecular  weights  and  structures.  Since  they  first 
appeared  in  the  literature  in  1993  [19],  glycodendrimers  and  related  glycodendrons, 
with  their  spheroidal  or  dendritic  wedge  structures,  have  been  designed  as  bioisosteres 
of  cell  surface  multi-antennary  glycans  and  have  stimulated  wide  interest  within  the 
scientific  community.  Similarly  to  conventional  dendritic  structures,  glycodendrimers  can 
be  obtained  as  dendrons,  as  spherical  or  globular  architectures,  or  as  "hybrid  dendronized- 
polymers"  according  to  divergent,  convergent,  or  accelerated  approaches.  All  these 
original  synthetic  clusters  were  constructed  in  such  a  way  that  their  number  of  surface 
groups,  shapes,  and  carbohydrate  contents  could  be  varied  at  will  with  a  controlled 
integration  of  dendritic  building  blocks.  As  artificial  glycoforms,  the  elaborated 
glycodendritic  architectures  are  classically  used  to  study,  rationalize,  and  understand  the 
critical  carbohydrate-protein  interactions  that  are  reinforced  when  multivalent  ligand 
copies  are  presented  to  clustered  biological  receptors  through  the  well-known  "glycoside 
cluster  effect"  [20, 21].  As  such,  they  notably  constituted  powerful  synthetic  tools  for  the 
development  of  potent  bacterial  or  viral  inhibitors  together  with  efficient  inhibitors  of 
mammalian  lectins  such  as  galectines,  which  are  involved  in  cancer  progression. 
Although  the  applications  of  glycoclusters  and  related  glycodendrimers  as  potent 
biological  process  inhibitors  or  effectors  have  been  extensively  reviewed  [22-31],  the 
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panel  of  related  smart  dendritic  systems  has  recently  been  widened  to  generate  promising 
glycosylated  candidates  as  imaging  agents  or  vaccines  for  instance. 

In  this  context,  Fukase  and  colleagues  described  the  multivalent  presentation  of  N- 
glycans  containing  or  lacking  sialic  acid  termini  scaffolded  around  a  dendritic  poly-L- 
lysine  backbone  for  the  development  of  in  vivo  noninvasive  imaging  devices  [32]. 
Considering  the  critical  role  of  glycan  residues  in  cell-cell  recognition,  adhesion,  and 
signal  transduction  [33]  and  their  implication  as  anti-inflammatory  agents  of  immuno- 
globulin G  (IgG)  through  Siglec  interactions  [34]  with  antibody-dependent  cellular 
toxicity  (ADCC)  and/or  complement-dependent  cytotoxicity  (CDC),  the  dynamics  of 
these  multivalent  glycans  have  been  systematically  studied  in  vivo.  The  main  goal  was  to 
achieve  promising  sensors  with  optimized  structures  and  generating  organ-specific 
accumulation.  To  this  end,  different  generations  of  polyvalent  polylysine-based 
glycodendrons  have  been  generated  by  solid-phase  synthesis  to  investigate  the  cluster 
effect.  The  architectures  thus  consisted  in  the  mixed  presentation  of  four  (la-e),  eight 
(2a-e)  and  sixteen  (3a-e)  peripheral  N-glycan  derivatives,  attached  via  CuAAc  (copper- 
catalyzed  azide-alkyne  cycloaddition  or  "click  chemistry")  and  terminal  benzylated 
histidine.  The  presence  of  a  focal  lysine  8 -amino  group  allowed  the  subsequent 
incorporation  of  Ga-cryptand  (  Ga-DOTA)  as  positron  emission  tomography  (PET) 
radiolabel  or  of  Cy5  and  NBD  as  fluorophores  through  straightforward  67c-azaelectro- 
cyclization  (Fig.  3).  The  administration  of  the  glycoclusters  labeled  with  Ga-DOTA 
(la-3e  Ga-DOTA)  to  the  tail  vein  of  B  ALB/c  nude  mice  allowed  determination  of  the 
distribution  of  the  glycosylated  derivatives  after  a  whole-body  PET  scan  over  4  h. 
Remarkably,  the  in  vivo  dynamics  and  biodistribution  appreciably  differed  from  the 
different  generations  of  clusters  containing  the  bis-Neuoc(2,6)Gal  termini  (la-3a). 
Prolonged  in  vivo  lifetimes  and  suitable  biodistributions  were  observed  for  the  larger 
derivative  3a,  suggesting  its  plausible  efficient  uptake  by  hepatocytes  through  the 
galactose/A^-acetylgalactosamine  (Gal/GalNAc)  lectin  receptor. 

These  observations  highlighted  the  critical  role  of  molecular  size,  hydrophobic/ 
hydrophilic  balance,  and  multivalency  effects  on  the  in  vivo  dynamics.  While  4-  and  8- 
mers  (la  and  2a,  respectively)  were  rapidly  cleared  through  the  kidney,  the  larger 
congener  3a  was  retained  in  the  body  after  4  h,  with  a  substantial  radioactivity  detected 
in  the  liver,  gallbladder,  and  blood.  Importantly,  the  16-mer  homologue  lacking  the 
terminal  sialic  acid  residue  (3b)  or  presenting  the  bis-Neuoc(2,3)Gal  glycan  (3c),  were 
more  rapidly  cleared  through  the  kidney,  although  3b  accumulated  in  the  liver  due  to 
the  presence  of  asialoglycoprotein  receptors  in  this  organ.  On  the  other  hand,  the 
variation  of  the  specific  sialoside  linkage  to  galactose,  i.e.,  the  Neuoc(2,6)Gal  linkage, 
was  of  a  crucial  importance  in  the  circulatory  residence  of  N-glycans  resulting  in  the 
uptake  of  3a  in  the  liver,  also  avoiding  excretion  by  the  biofiltration  pathway  in  the 
kidney,  as  observed  for  3c. 

A  biodistribution  study  was  performed  on  16-mer  homologues  (3a-3e  Cy5)  using 
fluorescence  imaging.  The  importance  of  at  least  one  specific  Neuoc(2,6)Gal  epitope 
was  reinforced,  with  higher  in  vivo  stability  observed  for  Cy 5 -labeled  homogeneous 
3a,  or  heterogeneous  3d  and  3e,  with  fluorescence  accumulated  both  in  the  liver  and 
the  spleen  after  4  h.  Considering  that  the  spleen  could  be  involved  in  the  immune 
system  or  in  the  production  of  antigen-specific  antibodies  by  the  interaction  of  T  cells 
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Fig.  3  Glycoclusters  proposed  by  Tanaka  and  colleagues  for  in  vivo  dynamics  [32] 

with  mature  B  cells  [35],  the  authors  investigated  the  interaction  of  glycoclusters  3a, 
3d,  and  3e  Cy5  with  Siglec  2  (CD22),  which  is  a  Neuoc(2,6)Gal- specific  lectin 
overexpressed  in  mature  B  cells.  In  this  context,  the  expressed  murine  of  human 
CD22  only  detected  weak  interactions  with  the  ligands,  suggesting  their  early  capture 
by  the  reticuloendothelial  system  (RES)  consisting  of  phagocytic  cells  such  as 
monocytes  and  macrophages.  An  additional  examination  of  the  distribution  of  the 
ligands  in  a  cancer  model  was  performed  after  subcutaneous  injection  of  DLD-1 
colorectal  adenocarcinoma  in  the  dorsal  division  of  BALB/cAJcl-nu/nu  mice.  Overall, 
preliminary  results  indicated  that  the  clusters  did  not  target  the  tumor  tissues.  Never- 
theless, marked  differences  were  achieved  in  in  vivo  dynamics,  with  accelerated 
excretion  rates  in  the  cancer-affected  mice  for  glycoclusters  3d  and  3e  without 
accumulation  in  the  spleen,  whereas  3b  was  efficiently  retained,  thus  validating  the 
proposed  methodology  as  suitable  for  the  development  of  in  vivo  molecular  imaging  in 
living  animals. 
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Another  promising  therapeutic  application  involving  glycodendrimers  as  functional 
antigens  with  requisite  immunochemical  abilities  recently  arose  from  their  molecularly 
defined  multivalent  scaffolds  and  their  abundant  architectural  variations  [36].  Interest- 
ingly, although  carbohydrates  are  T-cell-independent  antigens  with  poor  immunogenic- 
ity,  their  conjugation  to  protein  carriers  serving  as  T-cell-dependent  epitopes  generated 
glycosylated  structures  capable  of  acquiring  the  requisite  immunochemical  ability.  This 
observation  triggered  numerous  efforts  directed  towards  synthetic  carbohydrate-based 
vaccine  candidates.  More  particularly,  early  examples  of  strongly  immunogenic 
glycoclusters  and  glycodendrimers  bearing  critical  components  of  tumor-associated 
carbohydrate  antigens  (TACAs)  such  as  the  immune-dominant  TN  and  TF  antigens 
(a-GalNAc-O-Ser/Thr  and  p-D-Gal-(1^3)-a-D-GalNAc-0-Ser/Thr,  respectively) 
have  been  described  as  promising  antitumor  vaccines  [37].  More  recent  investigations 
pointed  to  four  optimum  structural  requirements  for  constructing  successful  glyco- 
conjugate  vaccines  for  cancer  immunotherapy: 

1 .  The  presence  of  key  TACA  as  recognition  motif,  acting  as  B-cell  epitope  against 
which  antibodies  should  be  raised. 

2.  The  presence  of  CD4+  T-cell  peptide  epitope  and  CD8+  T  lymphocyte  (CTL)  to 
trigger  both  humoral  and  cytotoxic  immunity,  respectively. 

3.  The  incorporation  of  nonimmunogenic  and  nontoxic  lipidic  adjuvant  targeting 
the  Toll-like  receptor  2  (TLR-2)  to  provide  a  self-adjuvanting  property  to  the 
construct.  Particularly,  lipid-bound  antigens  can  be  directly  recognized  by 
TLRs,  from  which  they  are  internalized  within  the  antigen-presenting  cells 
(APCs),  processed,  and  finally  exposed  on  the  surface  for  CD8+  natural  killer 
cell  activation  [38-40]. 

4.  Multivalency,  either  insured  by  the  multitask  platform  used  to  expose  the 
epitopes,  or  naturally  generated  through  the  propensity  of  lipid  derivatives  to 
form  liposomes,  particularly  if  glycolipid  QS21  adjuvant  is  co-injected. 

Dumy  et  al.  capitalized  on  these  cumulated  observations  to  achieve  a  fully 
synthetic  four-component  antitumor  vaccine,  built  on  a  nonimmunogenic  cyclo- 
decapeptide  template  (known  as  "RAFT"  [41]  for  regioselectively  addressable 
functionalized  template)  [42].  The  optimized  multiepitopic  construct  incorporated 
four  copies  of  a  TN  antigen  analogue  as  TACAs  (B-cell  epitope),  the  universal 
CD4+  helper  T-cell  peptide  from  the  type  I  poliovirus  protein,  together  with  a  CD8+ 
CTL  from  ovalbumin  (OVA257_264  peptide  SIINFEKL)  to  which  was  covalently 
added  palmitic  acid  as  lipid  adjuvant.  The  synthetic  versatility  of  the  pre-activated 
RAFT  platform  displaying  four  glyoxoaldehyde  functions  allowed  the  efficient 
ligation  of  the  aminooxylated  sugar  (TN)  derivatives  on  the  platform  via  iterative 
oxime  ligation.  The  peptidic  epitopes  were  further  combined  to  the  scaffold  through 
disulfide  bridge  formation  to  afford  the  desired  vaccine  NPs  composed  of  oval- 
bumin glycol-lipopeptide  (OVA-GLP)  4  (Fig.  4). 

The  study  highlighted  both  B-  and  T-cell  antigenicity  as  well  as  immunogenicity 
in  vitro  and  in  vivo.  The  authors  first  assessed  the  safety,  immunogenicity,  and 
protective  efficacy  of  4  using  a  M05/B ALB/c  tumor  mouse  model.  The  investigations 
revealed  the  production  of  tumor-specific  antibodies  (Abs)  developed  against  the  TN 
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Fig.  4  (a)  Recent  OVA-GLP  multicomponent  TACA  vaccine  incorporating  the  requisite 
elements  to  raise  both  humoral  and  cytotoxic  immunity,  (b)  Hexadecavalent  dendri-RAFT 
structures  proposed  by  Renaudet  and  colleagues 

cluster  displayed  in  the  synthetic  vaccine  that  efficiently  recognized  the  native  form  of 
TN  antigen  presented  on  human  tumor  cells,  as  determined  by  flow  cytometry  between 
the  immune  serum  IgG  and  the  common  breast  cancer  cell  line  MCF7.  The  efficient 
stimulation  of  T  cells  was  also  observed,  together  with  tumor  regression  and  significant 
increase  of  survival  in  mice  inoculated  with  M05  carcinoma  cells  in  both  immuno- 
therapeutic  and  immunoprophylactic  settings  [43].  These  results  clearly  evidenced 
that  vaccination  with  totally  synthetic  self-adjuvanting  GLP  prototype  nanovaccine  4 
induced  a  strong  protection  against  tumors.  For  a  deeper  understanding  of  the  cellular 
and  molecular  mechanisms  involving  GLPs  and  the  influence  of  the  position  of  the 
lipid  moiety  on  immunogenicity  and  protective  efficacy  of  GLPs,  the  same  authors 
investigated  the  uptake,  processing,  and  cross-presentation  pathways  of  two  different 
congeners.  The  main  goal  of  this  study  was  to  determine  whether  the  position  of  the 
lipid  moiety  in  GLP  molecules,  positioned  either  on  the  N-terminal  end  or  in  the 
middle  of  the  PADRE-CD8+  T-cell  epitope  sequence,  would  affect  the  processing  and 
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presentation  of  T-  and  B-cell  epitopes  as  well  as  their  in  vivo  immunogenicity  [44]. 
Towards  this  goal,  two  structural  analogues  bearing  a  CD8+  CTL  peptide  taken  from 
the  sequence  of  human  epidermal  growth  factor  2  (HER42o_429)>  a  transmembrane 
receptor-like  glycoprotein  with  tyrosine  kynase  activity,  were  synthesized  and  com- 
pared. The  results  indicated  that  the  position  of  the  lipid  moiety  not  only  profoundly 
affected  the  strength  of  immunotherapeutic  efficacy,  the  uptake,  and  cross- 
presentation  pathways  for  GLP  in  dendritic  cells  but  also  modulated  the  magnitude 
of  antitumor  antibody  and  CD8+  T-cell  protective  immunity.  Particularly,  after  chal- 
lenge inoculation  with  cancerous  M05  cells,  regression  of  established  tumors  was 
induced  by  both  conjugates.  However,  the  attachment  of  the  palmitic  acid  moiety  at  the 
peptide  N-terminal  afforded  the  most  advantageous  results,  including  (a)  stronger  and 
longer  lasting  HER42o^29- specific  IFN-y  producing  CD8+  T-cell  response,  (b)  stron- 
ger DC  maturation  together  with  the  production  of  potent  TLR-2-dependent  T-cell 
activation,  and  (c)  higher  inhibition  of  tumor  growth. 

These  promising  results  suggest  that  RAFT  scaffolds  are  suitable  tools  for  engineer- 
ing other  potent  synthetic  anticancer  vaccines  with  optimized  structural  variations, 
including:  (a)  controlled  multi-and  heterotopic  antigen  presentation  on  a  single  cyclic 
framework  to  mimic  the  heterogeneity  of  targeted  cancers  [45, 46],  (b)  a  rigid  structure 
to  provide  epitopes  with  limited  conformational  freedom  towards  their  optimized  and 
precise  presentation  for  a  cluster-recognizing  tumor-specific  antibody  response,  and  (c) 
an  enhanced  number  of  TACAs  through  real  dendritic  structures.  Towards  this  goal, 
and  although  immunogenicity  of  the  related  architectures  have  not  yet  been 
investigated,  second-generation  dendri-RAFTs  exhibiting  various  topologies  have 
been  elaborated  to  access  higher  glycosidic  valency,  density,  and  spatial  presentation 
with  various  levels  of  rigidity  [47].  Hence,  new  series  of  molecularly  defined 
hexadecavalent  glycoclusters  were  synthesized  in  a  controlled  manner  using  robust 
and  versatile  divergent  protocols  allowing  successful  oxime  attachment.  The  iterative 
strategy  thus  generated  derivatives  containing  peripheral  clustered  Gal,  Man,  Lac,  and 
TF  antigen  analogue  presented  through  flexible  polylysine  dendrons  (5,  6,  7,  and  8, 
respectively)  or  constrained  glycosylated  cyclopeptides  (9, 10, 11,  and  12,  respectively) 
(Fig.  4).  Binding  assays  were  performed  with  model  lectins  and  three  human  galectins 
[47,  48]  that  highlighted  the  beneficial  influence  of  the  enhanced  multivalency  on  their 
inhibitory  potencies  and  on  their  ability  to  protect  cells  from  toxin  and/or  lectin  binding. 
It  can  be  safely  anticipated  that  the  combination  of  these  structural  features  with  those 
described  earlier  can  provide  NPs  with  enhanced  anticancer  vaccine  properties. 

3  Glycofullerenes 

Fullerenes,  the  third  allotropic  form  of  carbon  along  with  graphite  and  diamond, 
represent  a  novel  class  of  globular  shaped  molecules  made  exclusively  of  carbon 
atoms.  This  intriguing  structure  has  generated  enthusiasm  and  many  research  efforts 
over  the  past  few  years  [49].  Hence,  the  chemical  and  physical  features  of  C60  (also 
named  Buckminsterfullerene),  the  most  representative  structure  among  fullerenes, 
have  extensively  been  explored.  The  intrinsic  properties  of  fullerenes,  such  as  size, 
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hydrophobicity,  three-dimensionality,  and  electronic  properties  have  made  them 
extremely  promising  nanostructures  with  interesting  features  at  the  interface  of  mate- 
rial sciences  [50]  with  biological  and  medicinal  chemistry  [51-53].  Interestingly, 
initial  investigations  indicated  that  these  novel  and  fascinating  architectures  were 
not  carcinogenic  when  applied  on  skin  and  did  not  affect  the  proliferation  and  viability 
of  cells  when  they  were  internalized.  Hence,  despite  the  observed  dose-dependent 
toxicity  of  some  derivatives,  early  observations  suggested  great  promise  for 
applications  in  DNA  cleavage,  photodynamic  therapy,  and  enzymatic  inhibition,  and 
for  their  antiviral,  antibacterial,  and  antiapoptotic  activity  [53,  54].  However,  the  total 
absence  of  solubility  in  aqueous  or  physiological  media  hampered  their  quick  and 
efficient  development  as  suitable  carriers.  The  natural  repulsion  of  fullerenes  for  water 
was  cleverly  circumvented  by  the  application  of  several  methodologies  comprising 
their  entrapment  into  tailored  microcapsules,  their  suspension  with  the  help  of  co- 
solvents,  and  their  chemical  derivatization,  including  their  introduction  onto  periph- 
eral solubilizing  appendages.  Furthermore,  it  has  been  shown  that  the  multivalent 
presentation  of  polar  groups  around  the  fullerene  spheres  could  avoid  clustering 
phenomenon  in  reasonably  dilute  solutions  and  consequently  increase  the 
hydrosolubility  of  the  resulting  conjugates.  In  this  context,  a  variety  of  chemical 
functionalities  have  been  utilized  both  to  increase  the  hydrophilicity  (e.g.,  OH, 
COOH,  NH2,  quaternary  ammonium,  cyclodextrin  groups)  and  to  prepare  original 
compounds  possessing  biological  and  pharmacological  activity. 

Among  the  panel  of  fullerene  derivatives  proposed  through  the  years,  the  family 
of  fulleroglyco-conjugates  (also  called  glycofullerenes)  includes  promising 
candidates  that  combine  crucial  properties  related  to  water  solubility  with  biological 
relevance.  Their  emergence  particularly  arose  from  the  spherical  topology  of 
fullerenes  that  furnished  suitable  scaffolds  for  multivalent  presentation  of  peripheral 
carbohydrate  residues,  and  from  the  development  of  adapted  chemistry  for  their 
efficient  and  controlled  conjugation. 

Besides  numerous  applications  validating  the  beneficial  glycoside  cluster  effect  for 
lectin  recognition  and  inhibition  that  have  been  treated  elsewhere  [22,  55], 
investigations  on  multivalent  enzyme  inhibition  with  globular  glycofullerenes  have 
recently  emerged.  Most  of  the  enzymes  possess  a  single  and  deep  active  site  that  is 
usually  less  accessible  than  the  shallow  CRDs  present  on  multimeric  lectins.  These 
unfavorable  structural  features  first  dissuaded  the  syntheses  of  multivalent  inhibitors. 
Additionally,  limited  success  for  enzyme  inhibition  remained  disappointing  [56,  57]. 
Nevertheless,  two  striking  examples  based  on  potent  fullerene-based  glycosylated 
structures  presenting  Th- symmetrical  octahedral  patterns  were  recently  presented. 

The  attachment  of  iminosugar  analogues  such  as  1-deoxynojirimycin,  known  as 
glycosidase  inhibitors,  around  the  fullerene  framework  has  been  described  [58].  In  the 
context  of  carbohydrate-processing  enzyme  inhibition,  biological  assays  involving  a 
series  of  glycosidases  were  used  to  determine  the  inhibition  profile  of  polytopic 
fullerene  13  decorated  with  twelve  peripheral  A^-alkyl  analogues  of  1-deoxynojiri- 
mycin (Fig.  5).  The  presence  of  the  elongated  epitopes  located  at  the  extremity  of  the 
hexyl  spacer  and  the  general  poor  selectivity  of  this  class  of  compounds  made  them 
attractive  as  models  for  the  examination  of  the  influence  of  multivalency  on  inhibition 
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Fig.  5  Dodecavalent  fullereno-glycocluster  with  iminosugars  as  glycosidase  inhibitors 

selectivity  over  a  large  panel  of  commercially  available  glycosidases.  Although  a 
significant  decrease  in  affinity  compared  to  the  monovalent  reference  was  observed  on 
sweet  almond  p-glucosidase,  investigations  on  amyloglucosidase  and  bovine  liver  p- 
glucosidase  revealed  no  substantial  improvements  in  using  the  multivalent  approach. 
More  interestingly,  better  results  emerged  from  the  inhibition  of  green  coffee  oc- 
galactosidase,  Baker's  yeast  isomaltase,  and  Penicillium  decumbens  naringinase 
with  inhibition  constants  of  two  orders  of  magnitude  higher  than  that  of  the 
corresponding  monomer.  The  most  spectacular  result  was  obtained  with  the  Jack 
bean  oc-mannosidase,  with  a  180-fold  enhancement  in  valency-corrected  efficiency 
of  the  globular  dodecavalent  conjugate  13  that  compared  very  well  with  a  previously 
described  trivalent  congener  [59]. 

These  results  unequivocally  demonstrated  the  existence  of  tailored  presentation 
of  peripheral  recognition  moieties  insured  by  the  rigid  central  scaffold.  Clear 
multivalent  effects  beyond  the  expected  statistical  rebinding  and  local  concentration 
effects  was  observed.  In  addition,  the  plausible  implication  of  a  sliding  mechanism 
of  the  inhibitors  in  the  enzyme  active  site  or  an  additional  binding  process  at  a  close 
allosteric  site  might  explain  the  distinct  specificity  enhancement. 
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Fig.  6  Dodecavalent  fullerene-based  mannopyranosides  with  heptosyltransf erase  WaaC  inhibition 
properties 

This  approach  was  further  extended  to  the  mannopyranose  moiety  of  bacterial 
lipopolysaccharides  (LPS)  L,D-heptoside  constituents  [60].  Interestingly,  the  alter- 
ation of  LPS  structures  that  are  key  components  of  the  outer  membrane  of  Gram- 
negative  bacteria  can  be  achieved  through  glycosyltransferase  (GT)  inhibition.  This 
structural  variation  may  widely  reduce  their  virulence  by  rendering  them  more 
susceptible  to  phagocytosis  by  macrophages  and  more  sensitive  towards  hydropho- 
bic antibiotics  [61,  62].  The  GTs  involved  in  LPS  biosynthesis  thus  represent 
attractive  targets  for  the  development  of  new  treatments  for  infectious  diseases, 
including  antibacterial  agents.  The  development  of  a  new  class  of  multivalent 
inhibitors  of  biologically  relevant  bacterial  GTs,  namely  heptosyltransf  erase 
WaaC,  which  triggers  the  incorporation  of  the  first  heptosyl-unit  of  ADP-L-heptose 
onto  the  growing  core  moiety  of  LPS,  allowed  the  demonstration  of  the  beneficial 
implication  of  multivalent  effects.  Indeed,  the  inhibition  of  WaaC  activity  by  the 
glycofullerenes  was  observable  and  effective.  Glycofullerenes  were  decorated  via 
CuAAc  with  different  unprotected  mannosides,  equipped  with  various  linkers  and 
terminated  with  appropriate  azido  or  alkyne  functionalities,  which  were  attached  to 
the  rigid  framework.  Hence,  a  small  library  of  monodisperse  dodecavalent 
conjugates  was  prepared,  containing  either  simple  mannosides  with  alkyl  chains 
(n  =  1  and  4  for  14  and  15,  respectively)  or  more  sophisticated  linkers  (16),  and 
(pseudo)mimetics  of  the  ADP-L-heptose  termini  as  heptosides  (17  and  18)  or 
octosides  (19).  The  former  were  engineered  by  introduction  of  an  ionic  functionality 
(terminal  carboxylate)  to  provide  additional  coulombic  interactions  with  specific 
amino  acids  in  the  binding  pocket  of  the  WaaC  heptosyl-transf erase  (Fig.  6). 

The  specific  activity  of  the  enzyme  was  followed  by  a  coupled  enzymatic  assay 
involving  pyruvate  kinase  to  transform  the  ADP  reaction  product  to  ATP,  giving 
access  to  IC50  values  for  each  candidate.  Interestingly,  all  multivalent  derivatives 
displayed  low  micromolar  inhibition  levels,  with  IC50  values  ranging  from  7  to 
47  uM  with  strong  improvements  of  at  least  one  order  of  magnitude  over  the 
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corresponding  monovalent  references  (500  uM)  in  most  cases.  As  anticipated,  the 
overall  results  suggested  that  additional  interactions  with  the  transferase  were 
observed  with  the  incorporation  of  the  appropriate  functionalization  at  the  5 -position 
of  the  carbohydrate  unit,  considering  multivalent  analogues  with  the  same  spacers 
(14,  17  and  19).  The  marked  decrease  in  IC50  values  along  this  series  when  going 
from  the  hexose  to  the  octose  derivative  demonstrated  this  tendency,  with  the  best 
inhibition  profile  for  octoside  19.  The  presence  of  shorter  spacer  and  the  introduction 
of  aromatic  moiety  in  the  aglycone  also  tended  to  improve  the  binding  properties. 

Although  significant  levels  of  multivalent  inhibition  have  been  measured  for  two 
different  enzymes  in  the  presence  of  dodecavalent  glycosylated  C60  fullerenes,  more 
investigations  have  to  be  performed  to  rationalize  these  promising  results  and  optimize 
the  combination  of  multivalency  and  glycomimetic  for  novel  antibacterial  agents. 


4  Glyconanotubes 


Carbon  nanotubes  (CNTs)  represent  members  of  the  fullerene  structural  family  and 
consist  exclusively  of  carbon  atoms  arranged  in  a  series  of  condensed  benzene  rings, 
organized  as  graphite  sheets  rolled-up  into  tubular  structures  [63].  According  to 
specific  nomenclature,  single-walled  CNTs  (SWNTs)  are  made  up  of  single  graphene 
layer  wrapped  into  cylindrical  structures,  whereas  multi- walled  CNTs  (MWNTs)  are 
generated  from  a  central  tubule  of  nanometric  diameter  and  surrounded  by  several 
graphite  layers  spaced  by  a  distance  of  about  0.34  nm.  Typically,  CNTs  form  bundles 
that  are  entangled  together  in  the  solid  state  giving  rise  to  highly  complex  "spaghetti" 
networks  [64].  Intrinsically,  CNTs  possess  very  interesting  and  unique  physicochemi- 
cal  properties  such  as  high  surface  area,  ordered  structure  with  high  aspect  ratio, 
ultralight  weight,  excellent  chemical  stability,  high  electrical  conductivity,  high  ther- 
mal conductivity,  and  metallic  or  semiconducting  behaviors.  For  these  reasons,  these 
nanomaterials  have  raised  great  enthusiasm  and  expectations  in  a  wide  range  of 
different  applications  including  material,  biological,  and  medical  sciences  when 
suitable  functionalizations  are  realized  [65].  In  fact,  their  inherent  hydrophobic 
properties,  associated  with  their  natural  propensity  to  form  bundles  via  aggregation 
through  van  der  Waals  forces,  constitute  major  technical  barriers  for  their  utilization  in 
medicinal  applications.  To  overcome  these  drawbacks,  the  modification  of  their 
surface  is  typically  achieved  by  adsorption,  electrostatic  interaction,  or  covalent 
attachment  of  various  appendages  to  reach  the  specific  targeted  properties  [66]. 
Through  such  modifications,  the  water  solubility  of  CNTs  is  generally  improved  and 
the  aggregation  phenomenon  reduced.  Furthermore,  their  biocompatibility  and 
biodistribution  profiles  are  completely  transformed  and  improved.  Particularly,  recent 
investigations  boosted  the  emergence  of  functionalized  CNTs  as  new  biologically 
relevant  alternatives  for  therapeutic  and  diagnostic  applications  [67],  including  their 
use  as  vectors  for  delivery  of  therapeutic  molecules  [68]  such  as  plasmid  genes  [69], 
peptides/proteins  [70],  and  antibiotics  [71].  More  interestingly  in  the  context  of  this 
chapter,  these  nanosystems  recently  acted  as  useful  tridimensional  platforms  for 
carbohydrate  presentation.  The  resulting  densely  oriented  sugars  as  pendant  groups 
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Fig.  7  Synthesis  of  glycodendrons  containing  hydrophobic  and  fluorescent  pyrene  head  group 
and  scheme  of  the  SWNT  coating 

on  the  CNT  hybrids  become  multivalent  carbohydrate  ligands  showing  potential 
biological  activities  as  well  as  glycoconjugate  polymers.  Hence,  multivalent  presenta- 
tion of  simple  sugar  residues  or  clustered  wedges  have  been  described  via  a 
non-covalent  stabilization  process  through  favorable  hydrophobic  %-%  stacking,  or 
electrostatic  interactions  in  water  between  the  absorbates  and  CNTs,  or  in  a  more 
controllable  fashion  involving  covalent  functionalization  [22,  72,  73]. 

The  ability  of  pyrene-terminated  glycodendritic  wedges  to  interact  with  SWNTs 
through  7T— 7r  interactions  has  been  described  [74].  The  homogeneous  bioactive 
coatings  ensured  the  foreseen  biocompatibility  and  hydrosolubility  that  made  the 
cell-surface  nanosystem  mimetics  suitable  for  biological  evaluation.  The  synthesis 
of  the  sugar  appendages  was  again  initiated  with  a  CuAAC  methodology  involving 
azido-terminated  pyrene  derivative  20  and  a  dendronized  polyol  21  having  a 
propargyl  function  at  the  focal  point.  The  quasi-quantitative  coupling  afforded 
triazole  22,  which  upon  subsequent  elongation  with  pent-4-ynoic  anhydride  23 
generated  the  G(3)-dendritic  precursor  24  exhibiting  eight  alkyne  groups  at  the 
periphery  (Fig.  7).  A  similar  strategy  was  also  described  for  the  construction  of 
lower  generation  G(2)  wedges  containing  four  alkyne  termini  with  suitable  building 
blocks.  The  last  step  of  the  synthetic  protocol  involved  the  attachment  of  unprotected 
2-azidoethyl  mono-  or  disaccharide  using  CuAAc  to  give  the  octavalent  glyco- 
dendrons 25-27  in  high  yields. 
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Mixtures  of  SWNTs  suspended  in  aqueous  glycodendron  solutions  resulted  in 
complete  solubilization  through  specific  adsorption  of  the  glycosylated  pyrene 
motif  onto  the  nanotubes,  regardless  of  the  nature  of  the  sugars.  The  suspensions 
of  functionalized  SWNTs  exhibited  remarkable  stability  in  water  for  several 
months.  Furthermore,  unlike  thick  and  heterogeneous  coatings  generated  with  the 
previous  use  of  glycopolymers  [75],  the  well-defined  glycodendrons  uniformly 
wrapped  the  nanostructure  to  form  small  bundles,  as  revealed  by  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM). 

The  capability  of  the  assemblies  to  bind  to  specific  proteins  was  probed  with 
different  labeled  lectins  using  fluorescein  isothiocyanante  (FITC)-conjugated 
Canavalia  ensiformis  (Con  A),  Arachis  hypogaea  (PNA)  and  Psophocarpus 
tetragonolobus  (PTA)  agglutinins,  which  recognize  oc-mannose,  lactose,  and  p- 
galactose,  respectively.  As  expected,  specific  recognition-induced  fluorescence 
was  generated  and  measured  by  fluorescence  microscopy  when  mannosylated  25- 
SWNT  was  treated  with  Con  A,  whereas  no  substantial  signal  was  detected  from 
unrelated  PTA  and  PNA  lectins.  Similarly,  galactosylated  26-SWNT  and 
lactosylated  27-SWNT  bound  to  FITC-PTA  and  both  labeled  PNA  and  PTA, 
respectively.  Additional  experiments  were  conducted  with  mixed  glycosylated 
structures  around  the  SWNT  to  more  accurately  model  the  sugar  diversity  present 
on  cell  surfaces.  Hence,  SWNTs  functionalized  with  a  mixture  of  mannosylated  and 
lactosylated  G(2)-dendrons  at  various  ratios,  were  incubated  with  a  1 : 1  mixture  of 
Texas  Red-conjugated  PNA  and  FITC-labeled  Con  A.  Importantly,  fluorescence 
intensities  associated  with  specific  recognition  events  simultaneously  increased 
with  the  percentage  of  complementary  ligands  presented  in  the  initial  mixtures. 
These  results  strongly  suggest  that  multiple  epitopes  displayed  on  SWNTs  could 
bind  simultaneously  to  discrete  proteins.  The  authors  took  advantage  of  the 
functionalized  SWNT-associated  specific  fluorescence  to  investigate  and  observe 
the  strong  interaction  of  the  labeled  nanosystems  with  Chinese  hamster  ovary 
(CHO)  cell  surfaces.  In  fact,  the  remaining  binding  sites  of  tetravalent  Con  A, 
which  partly  bound  to  mannosylated  SWNT  structures,  offered  additional 
opportunities  for  subsequent  complexation  with  Man  residues  present  on  cell- 
surface  glycans.  Finally,  G(2)  and  G(3)  glycodendrimer-coated  SWNTs  induced 
no  cytotoxicity  in  the  presence  of  HEK293  cells  whereas  unfunctionalized 
nanotubes  hampered  their  growth. 

CNTs  also  represent  attractive  candidates  for  multifunctional  carrier  systems  by 
virtue  of  their  inherent  dual  role  both  as  hosts  for  active  payload  that  can  be  located 
in  the  internal  spaces  and  as  active  frameworks  for  subsequent  covalent  chemical 
surface  modifications.  An  eye-catching  example  demonstrating  that  filled  and 
carbohydrate-functionalized  SWNTs  could  be  used  as  efficient  radioprobes  with 
specific  ability  to  target  organs  in  vivo  has  been  published  [76].  The  authors  first 

IOC 

filled  SWNTs  with  metal  halide  such  as  CuBr  and  the  more  relevant  Na  I,  carried 
out  at  high  temperature.  The  subsequent  cooling  process  was  responsible  for 
closing  of  the  ends  of  the  SWNTs,  resulting  in  the  desired  encapsulation  of  high- 
density  radio-emitting  nanocrystals  by  using  molten  phase  capillary  wetting. 
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The  successful  sealing  and  filling  by  metal  halides  were  confirmed  by  high- 
resolution  TEM  and  scanning  TEM. 

The  surface  of  these  filled  SWNTs  was  then  covalently  modified  with  bi-antennary 
D-Af-acetylglucosamine  (GlcNAc)  dendron  to  further  improve  the  water  dispersibility 
and  the  biocompatibility  of  the  nanosy stems,  and  to  provide  the  ability  to  target  lung 
tissues.  For  this,  mild  azomethine  ylid  1,3-dipolar  cycloaddition  (Prato  reaction)  [67] 
allowed  the  attachment  of  PEGylated  glycoconjugate  appendages  together  with  the 
2,3,5-triiodophenyl  motif  used  as  tagging  agent,  with  the  preservation  of  the  tubular 
structure  and  the  closed  ends  of  the  filled  SWNTs.  Considering  the  fact  that  iodine 
radioemitters  used  for  treatment  of  thyroid  cancer  are  still  considered  to  be  among  the 
most  effective  for  systemic  radiotherapy,  the  potential  of  the  resulting  functionalized 

1  9S 

I-nanocapsule  28  to  act  as  defined  containers  capable  of  localizing  radionuclides 

was  investigated  (Fig.  8a).  Intravenous  administration  of  28,  in  the  tail  vein 

of  BALB/c  mice  was  tracked  in  vivo  using  single-photon  emission  computed 

tomography  (SPECT).  Results  suggested  strong  differences  in  tissue  and  organ 

biodistribution  of  the  filled  and  glycosylated  28  compared  to  non-encapsulated 

1 9^  1 9^ 

Na    I.  Particularly,  nanoencapsulation  of    I  prevented  leakage  of  the  radionuclide 

to  organs  such  as  the  thyroid  and  the  stomach,  known  to  have  innate  affinity  for  iodide, 

and  also  avoided  urinary  or  biliary  excretion  of  the  iodide,  even  after  7  days  (Fig.  8b,  c). 

In  fact,  when  28  was  administrated,  the  tissue  distribution  profile  indicated 

predominantly  specific  lung  accumulation  and  persistent  retention  of  the  construct, 

while  no  signals  were  detected  in  the  thyroid,  stomach,  or  bladder  at  t  =  0  or  after 

4  h,  24  h,  or  7  days.  This  specificity  was  rationalized  by  the  authors  to  be  attributed  to 

the  presence  of  lung-localized  proteins  able  to  bind  the  GlcNAc  ligands  presented 

around  the  nanotube  framework.  Results  also  highlighted  the  high  in  vivo  stability 

of  the  synthetic  radioemitter.  Additional  quantitative  study  to  assess  the  organ 

biodistribution  and  blood-clearance  profile  of  the  nanotube  derivatives  by  direct 

gamma  counting  reinforced  the  initial  observations  for  a  strong  lung  accumulation 

and  negligible  blood  content  3  minutes  after  administration  (1%  versus  27%  for  free 

1  9  S 

Na    I).  The  percentage  of  injected  dose  per  gram  tissue  confirmed  that  more  than 

1  9  S 

80%  of  I  persisted  in  the  lung  for  24  h  only  when  inside  SWNTs.  In  addition, 
histological  examination  of  different  organs  such  as  lung,  liver,  spleen,  and  kidneys 
realized  after  administration  of  28  further  confirmed  lung  accumulation  and 
indicated  no  sign  of  necrosis  or  fibrosis.  Finally,  no  cytotoxic  response  was  obtained 
from  a  human  lung  epithelial  cell  line  (A549)  following  interaction  with  28,  even 
with  prolonged  exposition  times  and  concentrations  up  to  125  ug/mL,  as  determined 
by  in  vitro  cytotoxicity  assay  (LDH).  In  summary,  the  specific  tissue  accumulation 
in  the  lung,  coupled  to  high  in  vivo  stability,  prevented  the  leakage  of  radionuclide  to 
high-affinity  organs  (thyroid  and  stomach)  and  excretion,  and  resulted  in  ultrasensi- 
tive non-invasive  imaging  devices  able  to  deliver  an  unprecedented  radiodose 
density. 

Those  examples  thus  paved  the  way  for  the  conceptualization  of  optimized  multi- 
task organ-specific  therapeutics  and  diagnostics  constructed  using  CNT  nanocapsules 
surrounded  by  the  multivalent  presentation  of  relevant  glycoconjugates. 
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Fig.  8  (a)  Structure  of  the  SWNT-based  I-nanocapsule  28  used  as  radioprobe.  (b)  Whole  body 
SPECT/CT  imaging  carried  out  immediately  after  tail-vein  injection  (left)  and  7  days  post-injection 
of  28  (right)  (50  and  250  |ig).  (c)  Whole  body  SPECT/CT  imaging  carried  out  immediately  after  tail- 

1 25 

vein  injection  (left)  and  7  days  post-injection  of  Na  I  (right).  Cross-sections  of  the  thyroid  (TH), 
lung  (LU),  stomach  (ST),  liver  (LI),  kidney  (KI),  and  bladder  (BL)  at  equivalent  time  points  are 
shown.  Adapted  with  permission  from  Mcmillan  Publishers  Ltd  from  [76].  Copyright  2010  Nature 
Publishing  Group 

Another  elegant  application  of  glycosylated  SWNT  devices  has  recently  been 
reported  that  involved  their  preparation  into  electrolyte-gated  field-effect  transistors 
(FETs)  to  afford  nanoelectronic  detection  of  lectins  [77].  Towards  this  goal,  non- 
covalently  functionalized  SWNTs  incorporating  tetravalent  porphyrin-based 
glycoconjugates  29porphyrin,  30porphyrin,  and  31porphyrin  acted  as  conducting  channels 
that  transduced  the  specific  binding  between  glycoconjugates  and  lectins  into  electri- 
cal signals.  Therefore,  specific  molecular  recognition  was  efficiently  probed  between 
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Fig.  9  (a)  Representation  of  glycoconjugate-functionalized  SWNT-field  effect  transistor  (SWNT- 
FET)  as  sensitive  lectin  nanodetection  platforms,  (b)  Structures  of  porphyrin-  and  pyrene-based 
glycoconjugates,  together  with  illustrations  of  nanocarbon  FET  devices.  Adapted  with  permission 
from  Mcmillan  Publishers  Ltd  from  [77].  Copyright  2010  American  Chemical  Society 


three  different  porphyrin  systems  carrying  p-D-galactose  (SWNT-FETporphyrin  29- 
Gal),  oc-L-fucose  (SWNT-FETporphyrin  30-Fuc),  and  a-D-mannose  epitopes  (SWNT- 
FETporphyrin  31-Man)  displayed  on  SWNTs  and  the  corresponding  bacterial  PA-IL, 
PA-IIL,  and  plant  Con  A  lectins,  respectively  (Fig.  9).  The  results  indicated  that 
substantial  responses  were  induced  by  the  specific  interactions  between  the 
saccharides  and  their  cognate  lectins,  without  nonspecific  adsorption  on  Zn- 
porphyrins  or  SWNTs.  This  observation  corroborated  that  the  glycoconjugate 
functionalization  served  the  dual  purpose  of  selectively  detecting  lectin  binding  as 
well  as  preventing  nonspecific  protein  binding  to  SWNTs.  Moreover,  the  sensitivity 
and  the  selectivity  of  the  methodology  was  demonstrated,  with  detection  limit  of 
SWNT-FET  devices  being  comparable  to  more  traditional  techniques  used  for  lectin 
detection  such  as  optical  microarray,  electrochemical  surface  plasmon  resonance 
(SPR),  electrochemical  impedance  spectroscopy,  or  voltammetric  and  colorimetric 
protocols.  The  IC50  values  compared  well  with  those  previously  determined  by  SPR  or 
by  hemagglutination  inhibition  assay  (HI A),  thus  confirming  that  glycosylated 
SWNT-FETs  could  be  used  for  the  quantitative  determination  of  affinity  constants. 

The  same  group  also  compared  the  performance  of  these  SWNT-FET  devices  with 
similarly  functionalized  chemically  converted  graphene-based  FET  systems  (CCG- 
FETporphyrin  29-Gal,  CCG-FETporphyrin  30-Fuc,  and  CCG-FETporphyrin  31-Man), 
also  adding  pyrene-terminated  appendages  to  extend  the  applicability  of  these 
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nanodetection  platforms  [78].  As  evoked  earlier,  glycosylated  pyrene  derivatives 
29pyrene>  30pyreile>  and  31pyrene>  synthesized  via  click  chemistry,  were  able  to  form 
7T-7C  stacking  interactions  with  SWNT  and  graphene  surfaces  to  generate 
corresponding  SWNT-FETpyrene  29-31  and  CCG-FETpyrene  29-31.  The  general 
tendencies  suggested  that  S  WNT-FET  induced  a  larger  response  and  better  selectivity 
than  CCG-FET  devices,  regardless  of  the  glycoconjugate  appendages  exhibited 
through  the  pyrene  or  porphyrin  framework.  Computational  modeling  revealed  that 
the  one-dimensional  SWNT  systems  provided  more  flexibility  for  the  sugar  termini  to 
interact  with  lectin,  leading  to  higher  sensitivity  than  the  two-dimensional  CCG 
systems.  More  specially,  the  stacking  of  pyrene  or  porphyrin  moieties  of  the 
glycoconjugates  on  the  SWNT  yielded  galactose  residues  that  were  accessible  for 
PA-IL  lectin,  whereas  CCG  congener  provoked  the  epitopes'  presentation  only  in 
close  proximity  to  the  carbon  sheet,  reducing  their  accessibility.  Atomic  force  micro- 
scopy (AFM)  imaging  was  performed  to  obtain  evidence  for  the  attachment  of 
glycoconjugates  onto  the  carbon  nanostructures,  and  showed  substantial  and  progres- 
sive increase  in  height  at  different  stages  of  functionalization  and  during  specific  lectin 
interactions.  This  technique,  together  with  fluorescence  microscopy,  also  allowed 
visualization  of  the  continuously  high  coverage  on  SWNTs  whereas  the  binding 
sites  were  scattered  randomly  on  the  CCG  surface  with  a  reduced  number  of  adsorp- 
tion sites  for  lectins,  in  accordance  with  the  previous  computer  modeling  studies. 
Finally,  these  comparative  studies  confirmed  the  potential  of  these  carbon 
nanomaterial-based  FET  systems  as  effective  bacteria  or  virus  detection  devices  in 
water,  soil,  or  human  fluids. 


5    Gold  Nanoparticles 


Gold  NPs  are  the  most  stable  and  studied  of  the  metal-based  nanoclusters.  Owing  to 
their  exceptional  electronic,  magnetic,  and  optical  properties  that  are  highly  size 
dependent,  they  have  been  extensively  studied  in  material  and  biomedical 
applications.  Even  though  a  large  number  of  methodologies  are  known  for  the 
preparation  of  gold  NPs,  the  Brust  technique  and  its  variations  are  still  the  most 
popular  for  preparing  a  monolayer  of  coated  gold  NPs.  The  technique  is  based  on 
the  high  affinity  of  the  thiol  groups  for  the  gold  atoms  because  of  the  soft  character 
of  both  Au  and  S  atoms  [79].  In  this  method,  gold  NPs  are  synthesized  through 
reduction  of  gold  salt  (HAuCl4)  by  NaBH4  in  the  presence  of  a  thiol.  Gold  NPs 
coated  with  glycan  monolayers  have  been  studied  extensively  in  various  areas  of 
biomedical  research  [80-82].  Since  the  first  report  in  2001  [83],  gold  glyconano- 
particles  (gold  GNPs)  have  received  great  attention  among  glycochemists.  Here,  we 
discuss  a  few  recent  examples  of  gold  GNPs  that  have  been  used  for  biomedical 
applications  related  to  diagnostics  and  therapy. 

Gold  NPs  have  been  used  as  multivalent  and  multifunctional  platforms  for 
tumor- associated  carbohydrate  antigens  in  combination  with  suitable  immunogenic 
carriers  to  develop  carbohydrate-based  vaccines.  The  pioneering  group  of  Penades 
was  the  first  to  identify  gold  NPs  as  potential  scaffolds  for  vaccine  preparation  [84] . 
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Fig.  10  Molecular  structures  of  the  gold  NP-based  tumor  vaccine  constructs 

Accordingly,  in  an  early  report,  hybrid  NPs  37  have  been  synthesized  by  combining 
the  Tn  and  Lewis  oligosaccharides  tumor  markers  (33  and  34),  a  peptide  from 
tetanus  toxoid  (TT)  as  T-cell  helper  (35  or  36),  and  an  inert  glucose  moiety  32  to 
control  the  density  of  the  above  conjugates  (Fig.  10).  Preliminary  data  showed  that 
gold  GNPs  37  exhibited  potent  immunogenic  activity.  In  a  very  recent  work,  Barchi 
Jr.  and  coworkers  reported  another  potential  tumor  vaccine  construction  prepared 
from  gold  NPs  [83].  Gold  GNPs  (45-50)  have  been  loaded  with  three  components 
that  included:  (a)  glycopeptides  38-42  consisting  of  Mucin-4-based  peptides  with 
the  Thomsen-Friedenreich  antigen  (TF)  at  various  positions,  (b)  a  28-residue 
peptide  from  complement-derived  protein  C3d  as  a  B-cell  activating  molecular 
adjuvant  43,  and  (c)  an  inert  linker  44  (in  Fig.  10,  the  linker  portion  is  highlighted 
for  glycopeptides  and  adjutant  peptide).  In  vivo  studies  on  sera  from  mice 
immunized  with  GNPs  showed  small  but  statistically  significant  antibody  responses 
(both  IgG  and  IgM)  against  the  carbohydrate  antigen.  In  addition  to  TF- 
functionalized  gold  GNPs  (46-49),  glycoconstructs  from  the  peptides  without  the 
TF-antigen  45  or  linker  alone  50  also  showed  some  immunogenicity.  Among  the 
TF-functionalized  gold  GNPs,  the  mono-functionalized  conjugates  (46,  47,  and  49) 
showed  the  highest  activity  of  the  GNPs  with  two  TF  units  (48). 

The  respective  positioning  of  the  TF  antigen  along  the  peptide  chain,  as  in  GNPs 
49  with  the  antigen  at  the  10th  position,  showed  better  selectivity  toward  IgG  over 
IgM,  whereas  conjugates  with  the  sugar  at  other  positions  (46  and  47)  exhibited 
similar  selectivity  for  both  IgG  and  IgM.  Even  though  the  results  are  still  prelimi- 
nary, the  efficiency  of  the  NPs  to  acts  as  scaffolds  for  vaccine  construction  was 
shown  successfully  in  the  above  applications. 
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Fig.  11  Molecular  structures  of  gold  GNPs  56-63 

Paramagnetic  gold  NPs  functionalized  with  sugar  conjugates  and  Gd  complexes 
have  been  studied  for  MRI  applications  [86].  A  library  of  GNPs  (56-63)  was 
synthesized  with  variations  in  the  sugar  residues  and  spacer  (Fig.  11).  Thiol- 
ended  sugars  (51-54)  and  TV- alky  1  (pentyl  or  undecanyl)tetraazacyclododecane 
triacetic  acid  (D03A,  a  chelating  agent  for  Gd)  have  been  coated  onto  gold  NPs 
and  subsequently  chelated  with  the  Gd  metals,  which  led  to  the  formation  of 
paramagnetic  GNPs.  The  longitudinal  relaxitivity  (rx)  values  obtained  from  the 
relaxation  time  T1  have  been  found  to  depend  on  the  nature  of  the  sugar  and  the 
spacer  between  the  gold  NPs  and  sugar  head  groups  (i.e.,  the  relative  position  of 
the  sugar  with  respect  to  Gd  complex).  Gold  GNPs  62  and  63  exhibited  the  highest 
r\  values  of  the  series  (~20  mM"1  s_1),  which  is  about  six  times  higher  than  that  of 
commercial  contrast  agent  Dotarem  (3.1  mM-1  s_1).  In  vitro  imaging  studies  with 
lactose-containing  GNP  63  showed  better  contrast  abilities  than  Dotarem.  On  the 
other  hand,  in  vivo  studies  of  glucoside-functionalized  GNPs  61  in  mice  gliomas 
generated  from  GL261  tumor  cells,  demonstrated  enhanced  contrast  in  tumor  zones 
in  comparison  to  clinically  used  substances.  Lactosylated  conjugates  63,  although 
showing  activity  outside  the  brain,  were  unable  to  reach  the  brains,  which  was 
thought  to  be  due  to  the  liver  uptake  of  GNPs  mediated  by  the  known  galactose-a- 
sialoglycoprotein  receptor  interactions.  The  above  assays  showed  the  influence  of 
sugar  on  the  in  vivo  behavior  of  GNPs. 

Russel  and  coworkers  reported  other  gold  GNPs-based  colorimetric  sensors  for 
the  rapid  detection  of  cholera  toxin  (CT),  secreted  by  the  bacterium  Vibrio  cholera 
[87] .  The  assay  was  developed  based  on  the  visible  color  change  resulting  from  the 
shift  in  the  surface  plasmon  absorption  upon  NP  aggregation.  CT  is  known  to  bind 
to  the  GM1  ganglioside  oligosaccharides  present  at  the  surface  of  the  mucosal  cells, 
with  the  galactoside  residues  representing  the  major  epitope  [88].  Taking  the 
advantage  of  the  galactose  specificity  of  the  CT  lectin,  gold  NPs  coated  with  the 
galactoside-containing  lactose  disaccharide  (54)  (Fig.  11)  have  been  synthesized 
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Fig.  12  Molecular  structures  of  gold  GNPs  with  sugar  appendages  (64-70)  used  as  bacterial  sensors 

for  the  detection  of  CT.  Upon  binding  with  CT,  due  to  the  multiple  binding  events 
between  the  CT  lectin  and  the  gold  GNPs,  the  monodispersed  GNPs  formed 
aggregates,  which  resulted  in  visible  color  changes  from  red  to  deep  purple.  Upon 
aggregation,  the  UV-vis  absorption  spectra  were  shifted  from  524  to  620  nm  and 
the  amount  of  bound  protein  could  be  quantified  by  measuring  the  absorbance  at 
620  nm.  To  mimic  the  biological  samples,  the  efficiency  of  the  assay  was  also 
assessed  in  the  presence  of  other  ions  present  in  the  human  stool  samples.  The 
developed  assay  was  found  to  be  robust  and  the  added  ions  had  no  effect  on  the 
aggregation  of  NPs  upon  binding  to  CT  lectin.  Using  the  colorimetric  assay,  it  was 
possible  to  detect  and  quantify  the  very  low  concentration  (110  nM)  of  the  CT  lectin 
within  10  min.  The  stability  of  the  NPs  was  assessed  with  the  freeze-drying  process, 
which  did  not  have  any  effect  on  the  CT  detection  abilities  of  gold  GNPs. 

Perez  and  coworkers  reported  the  synthesis  of  gold  NP-based  multivalent  galacto- 
side  clusters  and  studied  their  interactions  with  the  bacterial  Pseudomonas  aeruginosa 
PA-IL  lectin  [89].  To  assess  the  effect  of  the  sugar  density  upon  protein  binding,  gold 
GNPs  (66-70)  showing  various  ratios  of  "active  glycans"  were  synthesized  in  combi- 
nation with  inert  glucoside  residues  taken  as  negative  control  (Fig.  12).  The  protein 
binding  studies  of  the  galactoside-coated  gold  NPs  with  the  lectin  PA-IL  were  assessed 
using  HIA,  SPR  and  ITC  techniques.  In  the  HIA  assays,  galactose  gold  NPs  showed 
10-  to  100-fold  enhanced  activity  compared  to  monovalent  glycoside  71  in  the 
inhibition  of  agglutination  of  rat  erythrocytes  mediated  by  the  PA-IL  lectin.  However, 
there  was  a  difference  in  the  kinetic  parameters  obtained  from  ITC  and  SPR 
techniques.  The  binding  affinity  of  the  GNPs  was  very  high  compared  to  monovalent 
glycosides  and,  for  the  GNP  series,  the  affinity  increased  with  increasing  the  sugar 
density.  NPs  loaded  with  glucoside  or  mannoside  (64  and  65)  did  not  show  any  activity 
with  PA-IL,  thus  confirming  the  specificity  of  the  interactions.  The  activity  of  mannose 
GNPs  65  with  the  lectin  BC2L-A  (a  mannose- specific  lectin)  served  as  positive 
control.  ITC  data  showed  that  the  gold  GNPs  with  100%  galactoside  (66)  residues 
exhibited  2,800-fold  enhancement  in  K^>  value  (50  nM)  compared  to  monovalent 
compound  71.  This  provided  an  additional  strong  demonstration  of  the  classical 
example  of  the  glycoside  cluster  effect,  and  gold  GNP  66  is  one  of  the  most  efficient 
ligands  known  against  the  bacterial  PA-IL  lectin. 
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6    Quantum  Dots  and  Quantum  Rods 

Nanocrystals  with  semiconducting  metals  are  broadly  referred  as  quantum  dots  (QDs). 
QDs  are  known  to  exhibit  unique  optical  properties,  such  as  broad  absorption,  size- 
dependent  photoluminescence  with  high  quantum  efficiency,  long-term  photo- 
stability,  and  low  photobleaching.  QDs  have  been  synthesized  from  various 
combinations  of  metals  to  provide  selected  photoluminescence  properties  [2].  Due 
to  their  inherent  photoluminescence  properties,  QDs  coated  with  glycan  units  have 
been  used  in  several  biomedical  applications,  especially  as  luminescent  labels  in 
animal  and  cell  imaging  studies  and  as  a  fluorescent  probes  for  studying  carbohydra- 
te-protein interactions  [90-92].  Although  the  semiconducting  metals  are  generally 
toxic  in  nature,  their  toxicity  can  be  reduced  significantly  by  coating  with  hydrophilic 
glycan  monolayers  for  their  use  in  vivo.  In  this  section,  we  describe  a  few  recent 
applications  of  glyco-QDs  that  have  been  used  as  imaging  agents,  nanosensors,  and 
drug  delivery  vehicles.  Nishimura  and  coworkers  demonstrated  the  synthesis  of 
multifunctionalized  glyco-QDs  with  various  sugars  and  studied  their  in  vivo  imaging 
applications  [93].  QDs  (CdSe/ZnS  or  CDSeTe/CdS)  have  been  functionalized  with 
phosphorylcholine  derivative  72  in  combination  with  amine  functionalized  thiol  73, 
which  was  subsequently  used  for  the  incorporation  of  glycans  (74-80)  (Fig.  13). 
Further  enzymatic  modifications  of  the  GlcNAc-QDs  76  afforded  the  more  complex 
functionalized  oligosaccharides  (81-84)  at  the  surface  of  the  nano-objects.  The  for- 
mation of  glyco-functionalized  QDs  was  confirmed  by  MALDI-ToF  MS  (matrix- 
assisted  laser  desorption/ionization  time-of -flight  mass  spectrometry)  analysis.  In  vivo 
near-infrared  fluorescence  imaging  studies  in  mice  demonstrated  the  stability  and  the 
non-fouling  nature  of  the  glyco-QDs.  Most  of  the  glycan- functionalized  QDs  shown  in 
Fig.  1 3  (74—79, 81  and  83),  except  for  sialylated  oligosaccharides,  accumulated  rapidly 
in  the  liver  after  5-10  min  of  tail  vein  injection  in  mice  and  the  fluorescence  of  the  QDs 
was  almost  quenched  over  1  h  in  most  cases,  indicating  the  degradation  of  glyco-QDs. 

On  the  other  hand,  glyco-QDs  having  terminal  sialic  acid  residues  (82  and  84) 
exhibited  long-term  stability  in  the  body  2  h  after  injection,  without  noticeable 
accumulation  into  the  liver,  and  were  distributed  among  various  tissues.  The  study 
emphasized  the  influence  of  the  neighboring  sugar  group  on  the  in  vivo  characteristics 
of  GNPs,  such  as  stability  and  organ-specific  distribution  and  consequently  on  target- 
specific  drug  delivery  applications.  Live  animal  imaging  studies  for  the  Lewis  X- 
functionalized  nano-objects  83  were  conducted  for  the  first  time. 

Ragusa  and  coworkers  studied  the  cellular  uptake  and  in  vitro  drug  release  abilities 
of  glyco-quantum  rods  (QRs)  (85  and  86)  functionalized  with  lactose  and  dopamine 
(Fig.  14)  [94].  In  addition,  the  fluorescent  QRs  were  used  as  nanosensors  in  protein 
interaction  studies.  The  galactoside  ligands  were  introduced  via  reductive  amination  of 
reducing  lactose  to  an  amine-functionalized  QR,  whereas  the  dopamine  drug  was 
installed  through  ester  bonds  with  the  hydroxyl  groups  of  the  galactose.  The  bioavail- 
ability of  the  galactose  groups  of  the  QRs  was  verified  in  a  protein  binding  study  with 
Ricinus  communis  (RCA12o)  lectin.  After  the  lectin  binding,  the  quenching  of 
photoluminescence  properties  of  QRs  85  and  86  were  observed.  Although  the 
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Fig.  13  Molecular  structures  of  glyco-QDs  74-84 

mechanism  for  the  fluorescence  quenching  was  unclear,  the  dissociation  constants  of 
QRs  85  derived  from  the  fluorescence  quenching  studies  was  in  the  order  of  10  , 
which  was  three  to  four  orders  of  magnitude  higher  than  that  of  the  p-D-galactoside 
monomers,  indicating  the  enhanced  interactions  of  the  clustered  QRs  with  lectin.  The 
specificity  of  the  interactions  was  confirmed  by  competitive  studies  through  the 
addition  of  galactose,  which  caused  complete  recovery  of  the  fluorescence  intensity 
of  the  QRs.  In  vitro  enzyme  hydrolysis  studies  using  porcine  liver  esterase,  the 
regulated  release  of  dopamine,  demonstrated  the  potency  of  QRs  86  to  act  as  drug 
delivery  agents.  In  biological  studies,  glyco-QRs  have  been  selectively  recognized  by 
human  nasopharyngeal  epidermal  carcinoma  (KB)  cells  through  the  GLUT-1  trans- 
porter, a  glucose  receptor  found  at  the  outer  KB  cell  membrane.  In  the  assays,  cellular 
uptake  of  the  QRs  was  confirmed  from  their  high  internalization  values.  The 
specificities  of  glyco-QRs  in  in  vivo  assays  have  been  confirmed  through  competitive 
studies  with  the  free  galactose. 

QDs  functionalized  with  lactose  have  been  studied  for  protein  interactions,  cell 
imaging,  and  anti  adhesive  applications  [95].  Lactose-QDs  have  been  prepared  with 
and  without  PEG  spacer  (87  and  88,  respectively).  In  the  case  of  88  without  spacer, 
QDs  with  different  lactoside  densities  were  synthesized  in  combination  with 
ethanethiol  (Fig.  14).  The  amount  of  sugar  loading  was  determined  from  NMR  studies 
in  conjunction  with  thermogravimetric  analysis  (TGA).  The  protein  binding  studies  of 
QDs  were  performed  in  SPR  assays  over  the  surface  of  the  immobilized  PNA  lectin. 
Glyco-QDs  showed  higher  affinity  than  free  lactose  and,  among  the  glyco-QDs,  the 
affinity  was  lower  for  the  QDs  87  having  PEG  spacer  as  compared  to  88  deprived  of 
spacer,  thus  demonstrating  the  importance  of  linker  design  in  multivalent 
glycoconjugates.  The  anti-adhesive  ability  of  glyco-QDs  to  prevent  the  adhesion  of 
human  acute  monocytic  leukemia  cells  to  human  umbilical  vein  endothelial  cells 
(HUVEC)  was  measured.  These  cells  play  a  critical  role  in  the  pathogenesis  of  septic 
shock.  In  the  assays,  glyco-QDs  exhibited  five  to  sixfold  higher  activity  than  the 


322 


N.  Kottari  et  al. 


Fig.  14  Molecular  structures  of  glyco-QDs  85-88 

divalent  lactoside  89.  The  results  showed  that  the  QDs  without  spacer  exhibited  higher 
activity,  consistent  with  SPR  studies.  In  fluorescence  imaging  studies  with  leukocytes, 
the  potency  of  the  QDs  to  act  as  cell-imaging  agents  was  also  demonstrated. 

7    Iron-Oxide-Based  Nanoparticles 

Nanoclusters  with  iron  oxides  (magnetite  Fe304  and/or  maghemite  /-Fe203)  have 
attracted  extensive  interest  due  to  their  superparamagnetic  properties  and  low 
cytotoxicity  [96].  Due  to  the  superparamagnetic  nature  of  the  iron  oxide  NPs,  cell 
detection  through  MRI  can  be  achieved  without  any  further  labeling.  Consequently, 
iron  oxide  NPs  coated  with  glycan  units  have  been  studied  for  glycan-directed  cell 
imaging  and  other  biomedical  applications.  In  this  section,  we  will  discuss  two 
recent  examples  of  iron-oxide-based  GNPs  that  have  been  used  to  label  various 
cancer  cells  and  different  human  blood  cell  populations. 

Huang  and  coworkers  reported  iron-oxide-based  magnetic  GNPs  as  sensors  for 
the  detection  and  differentiation  of  various  cancer  cells  [97].  Silica-coated  magnetic 
NPs  have  been  functionalized  with  mannoside,  galactoside,  fucoside,  sialic  acid, 
and  A/-acetylglucosamine  glycoconjugates  (90-94,  Fig.  15)  through  amide  bond 
and  click  chemistry.  Protein  binding  studies  of  GNPs  using  a  series  of  lectins  have 
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Fig.  15  Molecular  structures  of  iron  oxide  GNPs 

confirmed  the  bioaccessibility  of  the  sugar  head  groups  for  the  receptor  interactions. 
In  vitro  studies  on  the  interaction  of  nine  different  cancer  cell  types  showed  that  the 
GNPs  formed  cohesive  aggregates,  leading  to  shorter  T2  transverse  relaxation  times 
and  consequently  darkened  MRI  images.  The  specificity  of  the  interactions  was 
confirmed  through  control  studies  with  NPs  without  sugar,  which  did  not  show  any 
activity.  In  addition  to  detection,  the  sugar-binding  preferences  of  the  different 
cancer  cell  lines  were  identified.  Using  linear  discriminant  analysis  (LDA)  with  five 
different  types  of  GNPs  (90-94),  it  was  possible  to  identify  the  characteristic  MRI 
signature  for  each  of  the  nine  different  cancer  cell  lines.  By  using  galactose-coated 
GNPs  91,  it  was  feasible  to  differentiate  the  breast  cancer  MCF-7/Adr-res  cells 
from  normal  breast  endothelial  cells  184B5  with  the  changes  in  T2  values,  wherein 
the  former  (cancer  cells)  exhibited  larger  changes  (AT2)  in  comparison  with  the 
latter  (normal  cells). 

It  was  also  demonstrated  that  the  magnetic  GNPs  were  able  to  differentiate 
between  closely  related  isogenic  cancer  cells.  For  instance,  B16F10  and  B16F1 
mouse  melanoma  cells  have  been  differentiated  using  galactosylated  GNPs  91  by 
the  changes  in  T2  values.  Furthermore,  cellular  uptake  assays  have  shown  that  the 
GNPs  are  internalized  by  tumor  cell  lines,  which  significantly  reduces  the  cancer 
cell  adhesion. 

Multifunctionalized  magnetic  GNPs  have  been  prepared  from  bimetallic  gold- 
coated  ferrite  (core  Fe304  and  shell  Au)  and  used  for  the  specific  labeling  of  cell 
populations  of  human  blood  using  MRI  and  fluorescence  techniques  (Fig.  16)  [98]. 
Glycan  unit  95  and  bifunctional  linker  96  were  initially  attached  onto  the  surface  of 
the  gold-coated  ferrite.  Subsequently,  96  has  been  used  for  its  functionalization 
with  fluorescent  Texas  Red  dye  97  and  protein  G.  Two  different  types  of  antibodies 
were  coated  onto  the  GNPs  through  binding  with  protein  G  for  the  specific  labeling 
of  human  blood  cells  (anti-human  CD45  for  peripheral  blood  mononuclear  cells, 
PMBC,  and  CD235a  IgG  for  red  blood  cells,  RBC).  The  multifunctionalization  of 
GNPs  did  not  affect  the  stability,  photoluminescence  and  magnetic  properties. 
Immunomagnetic-fluorescent  NPs  have  been  tested  for  their  ability  to  differentiate 
the  cell  populations  of  the  human  blood  using  MRI  and  fluorescence  techniques. 
These  investigations  demonstrated  that  GNPs  98  with  anti-human  CD45  antibody 
were  able  to  label  PMBC,  whereas  GNPs  99  selectively  recognized  RBC.  In 
fluorescence  studies,  GNPs  98  were  capable  of  specifically  detecting  a  very  low 
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Fig.  16  Molecular  structures  of  gold-coated  ferrite  GNPs 


amount  of  PMBC  (0.01%)  in  a  complex  biological  media  containing  a  higher 
population  of  RBC.  The  efficient  orientation  of  antibodies  obtained  through  protein 
G  strategy  enhanced  the  selectivity  in  the  detection  of  different  cell  populations  of 
human  blood  samples. 


8  Liposomes 


Liposomes  are  bilayer  aggregates  of  amphiphilic  lipid  molecules.  The  core  and  the 
outer  surface  of  these  self-assembled  architectures  are  equipped  with  hydrophilic  head 
groups.  In  aqueous  medium,  liposomes  consist  of  an  aqueous  internal  compartment  in 
addition  to  bulk  aqueous  phase.  Liposomes  can  act  as  delivery  vehicles  for  both 
hydrophobic  and  hydrophilic  molecules.  Liposomes  coated  with  multiple  copies 
of  carbohydrates  (glycoliposomes)  have  been  used  extensively  in  glycan-directed 
biomedical  applications  [80,  99].  The  hydrophilic  sugar  head  groups  of  glycolipo- 
somes consist  of  two  important  structural  characteristics  pertaining  to  natural  cell 
membranes,  namely,  the  ability  to  present  sugar  moieties  in  multivalent  states  and  the 
formation  of  an  integral  lipidic  environment  around  the  glycan  units.  A  few  recent 
examples  of  glycoliposomes  acting  as  biosensors  and  as  scaffolds  for  the  synthesis  of 
multivalent  glycoclusters  are  discussed  herein. 

Among  various  liposomes,  the  polydiacetylene  (PDA)  liposomes  consisting  of 
ene-yne  type  linkages  are  of  particular  interest  (Fig.  17)  [100] .  PDA  liposomes  exhibit 
blue  color  due  to  the  extended  conjugation,  and  the  color  of  the  liposomes  is  sensitive 
to  external  forces  such  as  heat  and  mechanical  stress  and  to  the  ligand-receptor 
interactions  at  their  surfaces.  Disturbances  in  the  extended  conjugation  account  for  the 
color  change  in  PDA  assemblies.  Jiang  and  coworkers  demonstrated  the  application  of 
PDA  glycoliposomes  as  potent  sensors  for  influenza  viruses  by  targeting  their  cell 
surface  hemagglutinin  receptors  (HA1)  [101].  Glycoliposomes  have  been  synthesized 
from  the  active  sialic  acid  glycoside  (100)  and/or  inactive  p-lactoside  (101)  derivatives 
with  the  combination  of  DMPC  and  diacetylene  monomer  102  (Fig.  17).  Subsequent 
photopolymerization  of  the  mixed  glycoliposomes  led  to  the  formation  of  ene-yne 
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Fig.  17  Molecular  structures  of  sialic  and  lactoside  derivatives  (100  and  101)  and  representation 
of  PDA-glycoliposome  formation 

functionalized  glycan-PDA  assemblies.  Oligosaccharides  with  tetraethylene  glycol 
spacer  have  been  used  in  the  preparation  of  the  glycoliposomes  for  better  exposure  of 
the  sugar  head  groups  at  the  liposomal  surface  to  facilitate  the  interactions  with  the 
proteins.  In  biological  studies,  upon  binding  associations  between  the  HA1  protein  to 
the  sialic  acid  groups  of  the  liposomal  surface,  liposomes  100  exhibited  the  expected 
color  change  from  blue  to  red.  Liposomes  with  inactive  lactoside  head  groups  101  did 
not  show  any  activity,  thus  confirming  the  specificity  of  the  interactions.  Interestingly, 
liposomes  with  the  combination  of  100  and  101  in  a  1:1  molar  ratio  showed  better 
activity  (color  changes  detected  at  10  ng/mL  of  HA1)  than  the  sialic  acid  (100)  alone, 
resulting  from  the  synergetic  effect  between  the  two  sugars.  The  morphology  changes 
of  the  liposomes  with  the  addition  of  the  protein  was  identified  from  TEM  studies, 
which  showed  a  clear  transition  from  spherical  to  rectangular  shape. 

Marchant  and  coworkers  reported  the  synthesis  of  biomimetic  liposomes 
functionalized  with  3/-sulfo-Lewis  a  (S03~-Lea)  oligosaccharides  and  their  binding 
properties  were  assessed  with  P-selectin  [102].  P-Selectin  is  a  receptor  expressed  on 
activated  platelets  that  binds  to  the  P-selectin  glycoprotein  ligand  1  (PSGL-1)  on 
leukocytes  during  inflammation  processes  [103].  P-Selectin  plays  a  crucial  function 
in  the  early  stages  of  the  inflammatory  response  to  vascular  injury  by  regulating  the 
platelet-leukocyte  interactions.  The  P-selectin  binding  site  of  the  PSGL-1  is 
extended  (50  nm  away)  from  the  leukocyte  surface  [104].  To  mimic  the  native 
structures,  glycoliposomes  have  been  synthesized  with  PEG  spacer-. functionalized 
sugar  conjugate  103  (Fig.  18).  DSPC  and  cholesterol  have  been  used  along  with 
sialylated  oligosaccharide  103  for  the  preparation  of  glyco-PEG-liposomes. 
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Fig.  18  Molecular  structures  of  glycolipids  103-107  and  representation  of  their  liposome  formation 

Subsequently,  studies  on  protein  binding  to  the  glycoliposomes  have  been  performed 
using  ELISA.  The  ability  of  the  glycoliposomes  to  inhibit  the  binding  of  PSGL-1  to 
P-selectin  was  measured.  The  IC50  value  for  the  glyco-PEG-liposomes  was  found  to 
be  0.13  mM,  which  is  significantly  higher  in  comparison  to  free  S03~-Lea  antigen 
(5.61  mM)  or  glycoliposomes  without  PEG  spacer  (2.92  mM)  synthesized  from  the 
sialylated  oligosaccharide  104.  The  higher  activity  of  glyco-PEG-liposomes 
demonstrated  the  importance  of  the  PEG  spacer  in  mimicking  the  extended  structure 
of  PSGL-1,  thereby  facilitating  interactions  with  the  lectin.  Further,  fluorescent 
glycoliposomes  have  been  synthesized  with  incorporation  of  nitrobenzodiazole- 
modified  phosphatidylcholine  (NBD-PC)  (1%)  for  their  use  in  interaction  studies 
with  activated  platelets  in  vitro.  In  the  assays,  glyco-PEG-liposomes  showed  very 
high  activity  compared  to  the  control  PEG-liposomes  without  sugar  head  groups. 

In  addition  to  solution  phase  studies,  glycoliposomes  have  also  been  fabricated 
onto  microarray  surfaces  to  study  their  receptor  interactions.  In  the  liposomal 
microarrays,  the  multivalent  glycans  at  the  solid  surface  are  surrounded  by  hydro- 
phobic lipid  chains  similar  to  those  of  natural  cell  membranes,  a  situation  not  found 
when  direct  immobilization  of  glycoconjugates  onto  the  solid  surfaces  occurred. 
Sun  and  coworkers  synthesized  glycoliposomes  with  ganglioside  head  groups  105 
or  106,  azide-reactive  PEG  lipid  107  in  combinations  with  DPPC  and  cholesterol 
(Fig.  18)  [105].  Upon  reaction  with  azide-coated  glass  surfaces,  the  lipid  portion 
107  underwent  a  chemically  selective  and  biocompatible  Staudinger  reaction  to 
form  an  amide  bond  through  which  the  glycoliposomes  were  covalently  linked  to 
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the  glass  surface.  Fluorescent  dye  release  kinetics  and  fluorescence  imaging  studies 
confirmed  the  immobilization  and  stability  of  the  liposomes  over  the  solid  surface. 
The  bioavailability  of  the  sugar  head  groups  in  liposomal  microarrays  has  been 
ascertained  by  specific  interaction  studies  with  fluorescently  labeled  lectins  from 
Cholera  toxin  B  (CTB),  Maackia  amurensis  agglutinin  (MA A),  and  peanut  lectin 
from  Arachis  hypogea  (PNA  lectin).  Control  studies  with  PSA  lectin  (which  does 
not  have  any  specificity  for  105  and  106)  confirmed  the  specificities  of  the 
interactions  at  the  liposomal  surface. 

9  Micelles 

Micelles  are  monolayer  aggregates  of  lipids  with  hydrophobic  and  hydrophilic 
groups.  For  every  lipid,  there  is  a  certain  concentration  known  as  critical  micelle 
concentration  (CMC),  above  which  lipids  cannot  be  soluble  as  individual  molecules 
and  are  forced  to  form  micelles  in  aqueous  medium  to  decrease  the  aqueous  contact 
with  hydrophobic  groups.  In  aqueous  medium,  the  hydrophobic  groups  are  located 
at  the  core  of  the  micelles,  whereas  the  hydrophilic  groups  will  be  in  contact  with 
the  water  at  the  surface  of  the  micelles.  Due  to  their  hydrophobic  core,  micelles  can 
solubilize  hydrophobic  molecules  and  can  act  as  carriers  for  applications  in  drug 
delivery.  Self-aggregates  of  amphiphilic  glycolipids  have  been  used  in  a  variety  of 
biomedical  applications  [106].  Mignet  and  coworkers  designed  perfluoroalkylated 
glycolipids  (108-110,  Fig.  19)  for  imaging  studies  [107].  The  perfluoroalkyl  groups 
were  chosen  as  the  lipid  portion  due  to  their  low  miscibility  with  natural 
phospholipids  as  compared  with  "hydrocarbons",  which  minimizes  the  toxicity  of 
the  amphiphilic  perfluoro-glycolipids  [108].  Glycolipids  have  been  functionalized 
with  chelating  agents  such  as  DTP  A  (diethylenetriaminepentaacetic  acid),  which 
was  used  for  complexation  to  fluorescent  or  radiolabel  markers  for  biological 
studies.  In  aqueous  medium,  glycolipids  form  self-aggregates  with  10-50  nm 
diameters.  In  agglutination  studies  with  the  galactoside-binding  RCA  lectin,  the 
glycolipid  micelles  formed  large  aggregates  that  could  be  quantified  by  absorbance 
at  490  nm,  thus  confirming  the  formation  of  multivalent  complexes.  In  competitive 
inhibition  studies,  a  decrease  in  the  absorbance  of  the  aggregates  with  the  addition 
of  lactose  was  evidence  for  the  specificity  of  the  interactions.  In  vivo  scintigraphy 
imaging  studies  in  mice  showed  that,  at  pH  6,  glycolipid  micelles  complexed  with 
radiolabeled  99mTc  accumulated  mostly  in  the  liver.  Further,  fluorescence  studies 
showed  that  micelles  complexed  with  europium  interacted  very  poorly  with  blood 
serum  proteins.  The  poor  reactivity  with  the  complex  blood  serum  proteins  and 
organ- specific  accumulation  of  micelles  dictated  by  the  sugar  head  groups  of  the 
perfluoro-glycolipids  can  be  used  for  specific  drug  delivery  applications. 

Fort  and  coworkers  studied  the  aggregation  and  protein  binding  properties  of 
amphiphilic  rod-coil  type  of  glycoconjugates  (111  and  112,  Fig.  19)  synthesized 
using  click  chemistry  between  suitably  functionalized  precursors  [109].  The  glycan- 
functionalized  amphiphiles  were  self-assembled  in  aqueous  medium  and  their  size 
and  morphologies  were  dictated  by  the  amphiphilic  balance  (volume  fraction  of 
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Fig.  19  Molecular  structures  of  glycolipids  108-112  and  representation  of  a  micelle 


hydrophobic  to  hydrophilic  segments)  in  the  glycolipids.  Glycosides  with  longer 
PEG9oo  hydrophilic  segments  formed  spherical  micelles  with  10  nm  diameter, 
whereas  shorter  PEG60o  glycosides  showed  the  formation  of  larger  vesicles.  The 
accessibility  of  the  sugar  head  groups  for  bio-interactions  was  verified  with  protein 
binding  studies  with  wheat  germ  agglutinin  (WGA)  and  PNA  lectins.  NPs  with 
lactoside  head  groups  were  found  to  interact  with  their  cognate  PNA  lectin,  whereas 
NPs  with  GlcNAc  head  groups  were  recognized  by  the  WGA  lectin;  in  the  other 
cases  (WGA  with  lactose  or  PNA  with  GlcNAc)  activity  was  not  observed. 


10  Glycopolymers 


Gly copolymers,  a  term  initially  defined  by  one  of  the  authors  [110],  constitute  an 
important  class  of  multivalent  glycans  that  have  attracted  much  attention  in 
biological  and  biomedical  areas  [3,  111-113].  In  glycopolymers,  it  is  possible  to 
trigger  the  density  of  the  carbohydrate  ligands  by  controlling  the  degree  of  poly- 
merization. The  required  spacer  between  the  sugar  head  groups  can  be  achieved  by 
choosing  appropriate  monomers  in  the  gly  copolymer  synthesis.  Here  we  discuss  a 
few  recent  examples  of  glycopolymers  that  have  shown  potential  applications  in 
biomedical  research.  Stengel  and  coworkers  studied  the  antitumor  potency  of  the 
polymeric  version  of  the  carbohydrate-based  drug  auronafin  (113,  Fig.  20),  which  is 
known  to  be  effective  against  rheumatoid  arthritis  and  a  few  cancers  [114].  In  the 
polymer  synthesis,  the  deacetylated  version  of  the  drug  was  loaded  onto  aery  late 
block  copolymers  (114,  Fig.  20),  known  to  be  equally  potent  [115].  Upon  water 
addition  to  the  polymer  solution  of  114  in  DMSO,  spherical  aggregates  with  75  nm 
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Fig.  20  Molecular  structures  of  the  glycopolymers  and  representation  of  glycopolymer-NP 
immobilization 

diameter  were  generated.  The  activity  of  the  polymeric  auronafin  micelles  against 
tumor  cells  was  assessed  by  measuring  the  proliferation  of  human  ovarian  carci- 
noma cells  OVCAR-3.  In  the  studies,  it  was  found  that  the  micelles  of  114  showed 
better  efficiency  (IC50  0.94  uM)  than  the  drug  auronafin  alone  (IC50  1.51  uM), 
which  was  known  to  be  most  the  potent  form.  The  high  efficiency  of  the  micelles 
was  thought  to  be  due  to  the  route  of  entry  via  endocytosis  rather  than  via  diffusion, 
as  used  by  the  smaller  molecule  auronafin. 

Naraian  and  coworkers  demonstrated  the  synthesis  and  protein  binding  properties 
of  NPs  synthesized  from  mannoside-  and  GlcNAc-functionalized  glycopolymers 
containing  biotin  and  thiol  functionalities  (115  and  116,  Fig.  20)  [116].  GNPs  have 
been  synthesized  from  glycopolymers  (115  or  116)  in  combination  with  thiol- 
functionalized  PEG  using  a  recently  developed  photochemical  process,  which 
involves  the  reduction  of  gold  salts  by  using  photochemical  decomposition  of  benzoin 
derivative  117  [117].  Glycopolymer-NPs  have  been  immobilized  onto  avidin-coated 
surfaces  through  avidin-biotin  interactions  (Fig.  20).  The  bioavailability  of  the  carbo- 
hydrate head  groups  of  the  NPs  over  the  solid  surface  was  assessed  by  protein  binding 
studies.  The  interactions  were  monitored  using  diffractive  optics  technology  (DOT)- 
based  sensors.  It  was  found  that  the  glycopolymers  were  able  to  detect  the 
corresponding  lectins  (i.e.,  Con  A  with  mannose  polymer  and  WGA  with  GlcNAc 
polymer).  In  the  other  cases,  the  lectins  did  not  show  any  cross-activity,  thus 
confirming  again  the  biospecificity  of  the  interactions  between  the  GNPs  and  their 
non-cognate  lectins. 
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Li  and  coworkers  reported  glucoside-  and  pH-sensitive  block  copolymer 
assemblies  for  the  triggered  release  of  insulin  [118].  Triblock  amphiphilic  copolymer 
poly(acrylic  acid-co-acrylamidophenylboronic  acid)-Z?/oc/:-poly(2-acryloxyethyl 
galactose)-Z?/6>c^-poly(acrylic  acid-co-acrylamidophenylboronic  acid)  { [(PAA-co 
PAAPBA)-Z?-]2  PAEG}  was  synthesized  using  atom  radical  transfer  polymerization, 
which  formed  self- assembled  structures  with  particles  ranging  from  230  to  270  nm. 
The  boronic  acid  polymer  (PB  A)  of  the  block  copolymer  self-assemblies  is  responsible 
for  its  glucose-sensitive  nature  through  complexation  with  adjacent  hydroxy  1  groups 
of  the  carbohydrate  moieties  [119].  In  vitro  insulin  binding  studies  revealed  that  the 
profiles  of  NP  micelles  were  dependent  on  both  the  pH  and  the  glucose  concentration. 
The  self-aggregated  NPs  of  the  block  copolymer  have  been  shown  to  release  insulin 
rapidly  upon  exposure  to  high  concentrations  of  glucose. 


11  Nanogels 


Nanogels  are  colloidal  solutions  composed  of  crosslinked  synthetic  or  biopolymer 
networks.  They  have  been  synthesized  with  both  chemically  or  physically  associated 
crosslinkages  between  the  polymer  networks.  Recently,  nanogels  have  attracted 
major  attention  for  the  encapsulation  and  delivery  of  drugs  and  biomacromolecules 
[120,  121].  Narian  and  coworkers  reported  the  synthesis  of  carbohydrate-based 
nanogels  (118  and  119,  Fig.  21)  and  studied  their  ability  to  encapsulate  and  deliver 
biomacromolecules  such  as  DNA,  enzymes,  or  proteins  in  their  active  forms  [122]. 
The  size  and  morphologies  of  118  and  119  were  found  to  be  thermoresponsive 
and,  at  37° C,  nanogels  have  been  obtained  with  diameters  ranging  from  30  to 
40  nm.  In  biological  studies,  although  nanogels  118  and  119  exhibited  good 
complexation  properties  with  DNA,  their  gene  transfection  in  Hep  G2  cells  was 
found  to  be  low.  This  was  attributed  to  the  high  hydrophobicity  and  aggregation  of 
DNA-nanogel  complexes.  The  incorporation  of  cationic  polymer  120  onto  the  gels 
led  to  an  increase  in  cellular  uptake  and  gene  expression  of  DNA-nanogel 
complexes.  In  the  case  of  different  sugars,  the  high  activity  of  lactoside-coated 
nanogels  was  thought  to  be  due  to  their  higher  uptake  by  Hep  G2  cells,  which  is 
mediated  by  galactose-asialoglycoprotein  receptor  interactions  as  above.  The 
activity  of  the  biomacromolecules,  after  encapsulation  in  cationic  nanogels,  was 
studied  with  p-galactosidase.  It  was  shown  that  the  enzymatic  activity  remained  after 
complexation  with  the  nanogels.  In  addition  to  monomolecular  encapsulation, 
cationic  nanogels  have  also  been  used  for  bimolecular  delivery  applications.  The 
co-delivery  of  protein  (BSA)  and  DNA  in  Hep  G2  cells  was  successfully  achieved 
with  these  cationic  nanogels. 

Zhou  and  coworkers  recently  reported  the  synthesis  of  chitosan-based  nanogels 
and  their  pH-responsive  biomedical  applications  [123].  Nanogels  have  been 
prepared  from  chitosan  and  poly(methacrylic  acid)  (PMAA)  polymers  in  two 
ways:  using  covalent  crosslinking  or  physical  association  between  the  polymers 
(Fig.  22).  Naturally  occurring  chitin,  chitosan,  and  their  derivatives  have  found 
widespread  applications  in  various  biological  settings  [124]. 
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Fig.  21  Molecular  structures  of  crosslinked  glycopolymers  118  and  119  used  in  nanogel  prepara- 
tion and  representation  of  nanogels  with  encapsulated  biomacromolecules 
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Fig.  22  Molecular  structures  of  the  PMAA  and  chitosan  polymers  used  in  gel  preparation  and  the 
crosslinker  121 


The  polymerization  of  MAA  monomers  was  performed  in  aqueous  solution 
containing  chitosan  in  the  presence  or  absence  of  a  crosslinker  121,  to  afford 
covalently  crosslinked  or  physically  associated  gels,  respectively.  The  in  situ  insertion 
of  CdSe  quantum  dots  during  nanogel  preparation  afforded  hybrid  nanogels  with 
photoluminescent  properties.  Under  pH  variation,  the  hybrid  nanogels  having  covalent 
crosslinking  showed  reversible  volume  phase  transitions  that  were  stable  in  both 
structure  and  composition,  whereas  the  physically  associated  gel  hybrids  were 
degraded  under  pH  variations.  In  vivo  studies  with  mouse  melanoma  cells  B16F10 
showed  the  potential  of  the  hybrid  nanogels  to  act  as  a  tumor  cell  imaging  agents.  In 
drug  delivery  studies,  nanogels  with  covalent  crosslinkages  showed  controlled  release 
of  the  anticancer  drug  Temozolomide  under  slightly  acidic  pH  range  (5-7.4),  which  is 
close  to  the  pH  found  in  pathological  tumor  sites.  Because  of  their  degradation, 
nanogels  formed  under  physical  associations  were  not  successful  for  drug  delivery 
studies.  In  cytotoxicity  studies,  covalently  crosslinked  nanogels  exhibited  lower 
toxicity  as  compared  to  physically  associated  nanogels.  This  study  clearly  showed 
the  importance  that  crosslinking  in  nanogels  has  on  their  properties. 


332 


N.  Kottari  et  al. 


12  Polysaccharides 

Polysaccharide  nanoparticles  have  been  extensively  used  in  biomedical  applications 
due  to  their  biocompatibility,  biodegradability,  high  abundance,  and  low  toxicity 
[125,  126].  The  wide  range  of  biological  activities  of  polysaccharides  arises  from 
the  great  diversities  of  their  chemical  composition.  For  instance,  the  glycan-directed 
binding  abilities  of  polysaccharides  to  different  body  tissues  can  be  used  in  targeted 
drug  delivery  applications.  In  addition,  polysaccharides  can  be  readily  functionalized 
through  their  intrinsic  multiple  hydroxyl  groups.  The  most  commonly  used 
polysaccharides  are  chitosan,  alginate,  hyaluronan,  dextran,  heparin,  chondroitin 
sulfate,  amylose,  pullulan,  arabinogalactan,  and  cyclodextrins.  NPs  have  been 
synthesized  from  polysaccharides  using  various  methods.  Typical  methodologies 
include:  (a)  crosslinking  between  different  polymers  (one  example  is  discussed  in 
the  section  on  nanogels);  (b)  formation  of  interpolymer  complexes  through  electro- 
static interactions  between  oppositely  charged  polysaccharides;  (c)  self-assembly  of 
amphiphilic  hydrophobic  groups  grafted  onto  polysaccharides;  and  (d)  from 
polymer-drug  conjugates  (one  example  is  discussed  in  the  next  section).  The  inherent 
ionic  charges  associated  with  polysaccharides  have  been  successfully  used  for  en- 
capsulation and  delivery  of  oppositely  charged  drugs  and  biomacromolecules. 
Polysaccharides  have  also  been  coated  to  the  surface  of  nanoparticles  to  achieve 
increased  stability,  long-term  circulation,  and  targeting  abilities  for  drug  delivery 
applications. 

13  Miscellaneous  Examples 

Lee  and  coworkers  designed  a  pH-sensitive  chitosan-based  drug  conjugate  122  for 
photodynamic  therapy  (Fig.  23)  [127].  Chitosan  polymers  were  functionalized  with 
3-diethylaminopropyl  isothiocyanate  (DEAP),  chlorine  e6  (Ce6,  used  as  a 
photosensitizing  model  drug)  and  a  PEG  block.  The  drug  conjugate  was  self- 
assembled  in  aqueous  solution  such  that  the  hydrophobic  DEAP  and  Ce6  were 
located  at  the  hydrophobic  core,  while  the  hydrophilic  PEG  and  CSG  polymers 
were  exposed  at  the  hydrophilic  surface  of  the  self-assemblies.  The  importance  of 
the  drug  conjugate  122  resides  in  its  conformational  change  under  pH  variation 
from  7.4  (normal  tissue  pH)  to  6.8  (pH  in  the  tumor  microenvironment).  With  a 
change  in  pH  from  7.6  to  6.8,  the  coiled  assembly  structure  (self-quenched  state  of 
Ce6,  not  suitable  for  singlet-oxygen  production)  undergoes  a  conformational 
change  to  form  uncoiled  extended  random  molecules  (de-quenched  state  of  Ce6 
suitable  for  singlet-oxygen  formation)  (Fig.  23).  The  protonation  of  the  DEAP 
block  within  the  conjugate  122  at  pH  6.8  was  responsible  for  the  conformational 
change.  Fluorescence  studies  demonstrated  that  the  "singlet-oxygen  productivity" 
of  the  drug  conjugate  122  at  pH  6.8  was  similar  to  that  of  free  Ce6,  whereas  that  at 
pH  7.4  was  found  to  be  low,  hence  confirming  the  uncoiled  structure  of  122  at  pH 
6.8  with  the  de-quenched  state  of  Ce6  suitable  for  singlet-oxygen  formation. 
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Fig.  23  Molecular  structures  of  drug  conjugate  122  and  representation  of  its  conformational 
changes  upon  pH  variation  from  7.4  to  6.8 

In  phototoxicity  assays  at  pH  6.8  and  6.4,  the  drug  conjugate  122  exhibited  higher 
toxicity  for  human  epithelial  carcinoma  HeLa  cells  than  at  pH  7.4  due  to  higher 
production  of  singlet  oxygen.  This  was  consistent  with  fluorescence  studies.  In  vivo 
imaging  studies  on  mice  having  HeLa  tumor  cells  showed  that  the  drug-conjugate 
exhibited  strong  fluorescence  at  tumor  sites,  whereas  the  control  compounds  (free 
Ce6  or  drug  conjugate  without  DEAP)  showed  no  or  very  weak  fluorescence.  The 
drug-conjugate  122  exhibited  persistent  fluorescent  signal  for  24  h  at  tumor  sites, 
which  demonstrated  the  efficiency  of  the  drug  candidate  for  anticancer  therapy 
without  affecting  normal  cells. 

Our  group  demonstrated  the  application  of  luminescence  resonance  energy  transfer 
(LRET)  as  an  analytical  technique  for  investigating  carbohydrate-protein  interactions 
(Fig.  24)  [128].  Lanthanide  (NaGdF4:Er3+,  Yb3+)  NPs  have  been  functionalized  with 
PAMAM  dendrimers  via  ligand  exchange  and  subsequently  glycosylated  with  the 
dendrimer's  amine  groups.  The  formation  of  lanthanide  GNPs  123  was  confirmed  by 
IR  and  TGA  analysis.  Upon  excitation  at  980  nm  (near  IR  region),  the  monodispersible 
lanthanide  GNPs  exhibited  "upconversion"  red  and  green  fluorescence  centered  at 
525,  540,  and  600  nm.  Lectin  binding  studies  of  the  glyco-NPs  with  rhodamine 
isothiocyanated  Con  A  (RITC-labeled  Con  A)  have  been  monitored  using  LRET 
phenomenon.  With  the  increase  in  lectin  concentration,  the  unconverted  green  fluo- 
rescence of  the  GNPs  led  to  an  increase  in  acceptor  (RITC)  fluorescence  at  585  nm, 
with  a  corresponding  decrease  in  unconverted  green  fluorescence  of  the  GNPs  at 
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Fig.  24  Molecular  structures  of  lanthanide  GNPs  and  representation  of  LRET  phenomenon 

540  nm  due  to  the  non-radiative  excitation  of  the  RITC  fluorophore  in  Con  A  (Fig.  24). 
The  absence  of  LRET  phenomenon  with  galactoside-coated  NPs  and  the  reduction  of 
LRET  in  the  presence  of  mannoside  in  competitive  studies  confirmed  the  specificity  of 
the  interactions.  The  enhancement  in  the  binding  constant  for  the  GNPs  (7  x  104)  in 
comparison  with  either  Me-Man  (7  x  10  )  or  mannose-functionalized  PAMAM  GO 
dendrimer  124  (1.9  x  104)  was  anticipated  to  be  due  to  clustered  interactions. 

Muller  and  coworkers  demonstrated  the  synthesis  of  glyconanospheres  from  the 
incorporation  of  glycopolymers  onto  the  methacrylic-group-displaying  iron  oxide 
nanospheres  (Fig.  25)  [129].  The  glyco-fluorescent  polymer  125  was  installed  onto 
the  nanospheres  126  through  a  thiol-ene  reaction.  The  glyconanopheres  exhibited 
superparamagnetic  and  photoluminiscent  properties  from  the  iron  core  and  from  the 
glyco-fluorescent  polymer,  respectively.  After  24  h  of  incubation  with  A549  cells, 
imaging  studies  with  the  fluorescent  glyconanospheres  revealed  efficient  internali- 
zation by  the  cells.  This  was  particularly  evident  in  close  proximity  to  the  cell 
nucleus  and  was  presumed  to  be  due  to  the  presence  of  galectins  on  the  nucleus  of 
the  cells.  In  another  approach,  instead  of  attaching  the  glycopolymer  onto  the 
nanospheres,  the  polymerization  was  carried  out  at  the  surface  of  the  nanospheres 
[130].  Atom  transfer  radical  polymerization  of  GlcNAc  monomer  127  with  the 
initiator-functionalized  polystyrene  core  128,  followed  by  deprotection  of  the  ester 
groups,  led  to  the  formation  of  novel  spherical  sugar-containing  polymer  brushes. 
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GlyC-an  JuncllonallXed  Polystyrene  nanosphercs 

Fig.  25  Representation  of  glyconanospheres 

In  protein  binding  studies  with  WGA  lectin,  the  glyconanospheres  exhibited  higher 
affinity  (about  six  to  seven  times)  than  the  monomer.  The  formation  of  aggregates 
of  multivalent  complexes  between  the  glyconanospheres  and  WGA  lectin  was  also 
confirmed  from  TEM  studies. 

14  Conclusion 

This  review  has  clearly  illustrated  that  carbohydrate  appendages  on  nanoparticles  of 
varied  genesis  offer  several  advantages  for  biomedical  applications.  The  mixed 
expertise  in  nanosciences,  glycochemistry,  and  glycobiology,  coupled  to  expert 
knowledge  in  photophysics,  has  permitted  the  frontiers  of  nanomaterial  science  to 
be  pushed  closer  to  nanomedicine.  Several  examples  have  also  been  used  to 
demonstrate  that,  once  glycosylated,  several  hitherto  toxic  nanoparticle  scaffolds 
acquired  cellular  safety.  The  rapidly  growing  interest  in  this  exciting  field  is 
opening  the  way  to  new  discoveries  that  are  limited  only  by  the  creativity  of 
scientists.  Better  insights  into  multivalent  carbohydrate-protein  interactions  will 
further  our  appreciation  of  the  "glycocodes"  [131,  132]  complexity,  which  should 
undoubtedly  allow  more  precise  addressing  of  targeted  drugs  and  gene  delivery. 

If  one  combines  state-of-the-art  synthetic  organic  methodologies  with  the  latest 
developments  in  carbohydrate  chemistry,  the  next  generation  of  glyconanoparticles 
will  exemplify  even  more  complex  saccharide  structures  that  will  probably  also 
include  glycomimetics.  This  follows  the  actual  trend  in  improved  design  of  carbo- 
hydrate ligands  and  inhibitors  to  encompass  more  hydrolytically  stable  analogues, 
most  of  which  successfully  demonstrate  much  simpler  hybrid  glyco-pharmacophore 
structures  that  better  mimic  newer  drug  conceptions. 

References 

1.  Wang  X,  Ramstrom  O,  Yan  M  (2010)  Glyconanomaterials:  synthesis,  characterization,  and 
ligand  presentation.  Adv  Mater  22:1946-1953 

2.  Doane  TL,  Burda  C  (2012)  The  unique  role  of  nanoparticles  in  nanomedicine:  imaging,  drug 
delivery  and  therapy.  Chem  Soc  Rev  41:2885-2911 


336 


N.  Kottari  et  al. 


3.  Narain  R  (ed)  (2011)  Engineered  carbohydrate-based  materials  for  biomedical  applications- 
Polymers,  surfaces,  dendrimers,  nanoparticles,  and  hydrogels.  Wiley,  Hoboken 

4.  Marradi  M,  Garcia  I,  Penades  S  (2011)  Carbohydrate-based  nanoparticles  for  potential 
applications  in  medicine.  Prog  Mol  Biol  Transl  Sci  104:141-173 

5.  Garcia  I,  Gallo  J,  Marradi  M  et  al  (2011)  Glyconanoparticles:  new  nanomaterials  for 
biological  applications.  In:  Narain  R  (ed)  Engineered  carbohydrate-based  materials  for 
biomedical  applications-polymers,  surfaces,  dendrimers,  nanoparticles,  and  hydrogels. 
Wiley,  Hoboken 

6.  El-Boubbou  HX,  Huang  X  (2011)  Glyco-nanomaterials:  translating  insights  from  the  "sugar 
code"  to  biomedical  applications.  Curr  Med  Chem  18:2060-2078 

7.  Garcia  I,  Marradi  M,  Penades  S  (2010)  Glyconanoparticles:  multifunctional  nanomaterials 
for  biomedical  applications.  Nanomedicine  5:777-792 

8.  De  la  Fuente  JM,  Penades  S  (2006)  Glyconanoparticles:  types,  synthesis  and  applications  in 
glycoscience,  biomedicine  and  material  science.  Biochim  Biophys  Acta  1760:636-651 

9.  Cipolla  L,  Peri  F,  Airoldi  C  (2008)  Glycoconjugates  in  cancer  therapy.  Anticancer  Agents 
Med  Chem  8:92-121 

10.  Newkome  GR,  Moorefield  CN,  Vogtle  F  (2001)  Dendrimers  and  dendrons:  concepts,  synthesis, 
applications.  Wiley,  New  York 

11.  Frechet  JMJ,  Tomalia  D  (2001)  Dendrimers  and  other  dendritic  polymers.  Wiley,  New  York 

12.  Buhleier  E,  Wehner  W,  Vogtle  F  (1978)  "Cascade"-  and  "Nonskid-Chain-like"  syntheses  of 
molecular  cavity  topologies.  Synthesis  1978:155-158 

13.  Newkome  GR,  Z-q  Y,  Baker  GR  et  al  (1985)  Micelles.  Part  1.  Cascade  molecules:  a  new 
approach  to  micelles.  A  [27]-arborol.  J  Org  Chem  50:2004-2006 

14.  Tomalia  DA,  Baker  H,  Dewald  J  et  al  (1985)  A  new  class  of  polymers:  starburst-dendritic 
macromolecules.  Polym  J  17:117-132 

15.  Haag  R,  Kratz  F  (2006)  Polymer  therapeutics:  concepts  and  applications.  Angew  Chem  Int 
Ed  Engl  45:1198-1215 

16.  Tekade  RK,  Kumar  PV,  Jain  NK  (2009)  Dendrimers  in  oncology:  an  expanding  horizon. 
Chem  Rev  109:49-87 

17.  Duncan  R,  Izzo  L  (2005)  Dendrimer  biocompatibility  and  toxicity.  Adv  Drug  Deliv  Rev  57: 
2215-2237 

18.  Boas  U,  Christensen  JB,  Heegaard  PMH  (2006)  Dendrimers  in  medicine  and  biotechnology: 
new  molecular  tools.  RSC  Publishing,  Cambridge 

19.  Roy  R,  Zanini  D,  Meunier  SJ  et  al  (1993)  Solid  phase  synthesis  of  dendritic  sialoside 
inhibitors  of  influenza  A  virus  haemagglutinin.  J  Chem  Soc  Chem  Commun  1993:1869-1872 

20.  Lundquist  JL,  Toone  EJ  (2002)  The  cluster  glycoside  effect.  Chem  Rev  102:555-578 

21.  Roy  R  (1996)  Syntheses  and  some  applications  of  chemically  defined  multivalent 
glycoconjugates.  Curr  Opin  Struct  Biol  6:692-702 

22.  Chabre  YM,  Roy  R  (2010)  Design  and  creativity  in  synthesis  of  multivalent  neoglyco- 
conjugates.  Adv  Cabohydr  Chem  Biochem  63:165-393 

23.  Chabre  YM,  Roy  R  (2008)  Recent  trends  in  glycodendrimer  syntheses  and  applications. 
Curr  Top  Med  Chem  8:1237-1285 

24.  Roy  R  (2003)  A  decade  of  glycodendrimer  chemistry.  Trends  Glycosci  Glycotechnol 
15:  291-310 

25.  Touaibia  M,  Roy  R  (2007)  Glycodendrimers  as  anti-adhesin  drugs  against  type  1  fimbriated 
E.  coli  uropathogenic  infections.  Mini  Rev  Med  Chem  7:1270-1283 

26.  Nepogodiev  SA,  Stoddart  JF  (2003)  Glycodendrimers:  chemical  aspects.  Adv  Macromol 
CarbohydrRes  2:191-239 

27.  Rockendorf  N,  Lindhorst  TK  (2001)  Glycodendrimers.  Top  Curr  Chem  217:201-238 

28.  Cloninger  MJ  (2002)  Biological  applications  of  dendrimers.  Curr  Opin  Chem  Biol  6:42-748 

29.  Bezouska  K  (2002)  Design,  functional  evaluation  and  biomedical  applications  of  carbohy- 
drate dendrimers  (glycodendrimers).  Rev  Mol  Biotechnol  90:269-290 


Applications  of  Glyconanoparticles  as  "Sweet"  Glycobiological. 


337 


30.  Turnbull  WB,  Stoddart  JF  (2002)  Design  and  synthesis  of  glycodendrimers.  Rev  Mol 
Biotechnol  90:231-255 

31.  Li  Y,  Cheng  Y,  Xu  T  (2007)  Design,  synthesis  and  potent  pharmaceutical  applications  of 
glycodendrimers:  a  mini  review.  Curr  Drug  Discov  Technol  4:246-254 

32.  Tanaka  K,  Siwu  ERO,  Minami  K  et  al  (2010)  Noninvasive  imaging  of  dendrimer-type 
N-glycan  clusters:  in  vivo  dynamics  dependence  on  oligosaccharide  structure.  Angew  Chem  Int 
Ed  49:8195-8200 

33.  Kamerling  JP,  Boons  GJ,  Lee  YC,  Suzuki  A,  Taniguchi  N,  Voragen  AGJ  (eds)  (2007) 
Analysis  of  glycans,  polysaccharide  functional  properties  &  biochemistry  of  glycoconjugate 
glycans,  carbohydrate-mediated  interactions:  comprehensive  glycoscience:  From  Chemistry 
to  Systems  Biology,  vol.  II  and  III.  Elsevier,  Amsterdam 

34.  Kaneko  Y,  Nimmerjahn  F,  Ravetch  JV  (2006)  Anti-inflammatory  activity  of  immunoglobulin 
G  resulting  from  Fc  sialylation.  Science  313:670-673 

35.  Crocker  PR,  Paulson  JC,  Varki  A  (2007)  Siglecs  and  their  roles  in  the  immune  system. 
Nat  Rev  Immunol  7:255-266 

36.  Shiao  TC,  Roy  R  (2012)  Glycodendrimers  as  functional  antigens  and  antitumor  vaccines. 
New  J  Chem  36:324-339 

37.  Toyokuni  T,  Singhal  AK  (1995)  Synthetic  carbohydrate  vaccines  based  on  tumour- associated 
antigens.  Chem  Soc  Rev  24:231-242 

38.  Toyokuni  T,  Dean  B,  Cai  S  et  al  (1994)  Synthetic  vaccines:  synthesis  of  a  dimeric  Tn  antigen- 
lipopeptide  conjugate  that  elicits  immune  responses  against  Tn-expressing  glycoproteins. 
J  Am  Chem  Soc  116:395-396 

39.  Kaiser  A,  Gaidzik  N,  Becker  T  et  al  (2010)  Fully  synthetic  vaccines  consisting  of 
tumor- associated  MUC1  glycopeptides  and  a  lipopeptide  ligand  of  the  toll-like  receptor  2. 
Angew  Chem  Int  Ed  49:3688-3692 

40.  Kudryashov  V,  Glunz  PW,  Williams  LJ  et  al  (2001)  Toward  optimized  carbohydrate-based 
anticancer  vaccines:  epitope  clustering,  carrier  structure,  and  adjuvant  all  influence  antibody 
response  to  LewisY  conjugates  in  mice.  Proc  Natl  Acad  Sci  USA  98:3264-3269 

41.  Dumy  P,  Eggleston  IM,  Cervigni  S  et  al  (1995)  A  convenient  synthesis  of  cyclic  peptides  as 
regioselectively  addressable  functionalized  templates  (RAFT).  Tetrahedron  Lett  36: 
1255-1258 

42.  Renaudet  O,  BenMohamed  L,  Dasgupta  G  et  al  (2008)  Towards  a  self-adjuvanting  multi- 
valent B  and  T  cell  epitope  containing  synthetic  glycolipopeptide  cancer  vaccine. 
ChemMedChem  3:737-741 

43.  Bettahi  I,  Dasgupta  G,  Renaudet  O  et  al  (2009)  Antitumor  activity  of  a  self-adjuvanting 
glycol-lipopeptide  vaccine  bearing  B  cell,  CD4+  and  CD8+  T  cell  epitopes.  Cancer  Immunol 
Immunother  58:187-200 

44.  Renaudet  O,  Dasgupta  G,  Bettahi  I  et  al  (2010)  Linear  and  branched  glyco-lipopeptide 
vaccines  follow  distinct  cross-presentation  pathways  and  generate  different  magnitudes  of 
antitumor  immunity.  PLoS  One  5 :e  11216 

45.  Jeon  I,  Lee  D,  Krauss  IJ  et  al  (2009)  A  new  model  for  the  presentation  of  tumor- associated 
antigens  and  the  quest  for  an  anticancer  vaccine:  a  solution  to  the  synthesis  challenge  via  ring- 
closing  metathesis.  J  Am  Chem  Soc  131:14337-14344 

46.  Fiore  M,  Thomas  B,  Dulery  V  et  al  (2012)  Synthesis  of  multi-antigenic  platforms  as  vaccine 
candidates  against  cancers.  New  J  Chem.  doi:10.1039/C2NJ40972K 

47.  Bossu  I,  Sulc  M,  Kfenek  K  et  al  (201 1)  Dendri-RAFTs:  a  second  generation  of  cyclopeptide- 
based  glycoclusters.  Org  Biomol  Chem  9:1948-1959 

48.  Andre  S,  Renaudet  O,  Bossu  I  et  al  (2011)  Cyclic  neoglycodecapeptides:  how  to  increase 
their  inhibitory  activity  and  selectivity  on  lectin/toxin  binding  to  a  glycoprotein  and  cells. 
J  Pept  Sci  17:427-437 

49.  Kroto  HW,  Heath  JR,  O'  Brien  SCO  et  al  (1985)  C60:  buckminsterfullerene.  Nature  318: 
162-163 


338 


N.  Kottari  et  al. 


50.  Giacalone  F,  Martin  N  (2006)  Fullerene  polymers:  synthesis  and  properties.  Chem  Rev  106: 
5136-5190 

51.  Jensen  AW,  Wilson  SR,  Schuster  DI  (1996)  Biological  applications  of  fullerenes. 
Bioorg  Med  Chem  4:767-779 

52.  Da  Ros  T,  Prato  M  (1999)  Medicinal  chemistry  with  fullerenes  and  fullerene  derivatives. 
Chem  Commun  1999:663-669 

53.  Bosi  S,  Da  Ros  T,  Spalluto  G  et  al  (2003)  Fullerene  derivatives:  an  attractive  tool  for 
biological  applications.  Eur  J  Med  Chem  38:913-923 

54.  Marchesan  S,  Da  Ros  T,  Spalluto  G  et  al  (2005)  Anti-HIV  properties  of  cationic  fullerene 
derivatives.  Bioorg  Med  Chem  Lett  15:3615-3618 

55.  Chabre  YM,  Roy  R  (2011)  Solving  promiscuous  protein  carbohydrate  recognition  domains 
with  multivalent  glycofullerenes.  In:  Renaudet  O,  Spinelli  N  (eds)  Synthesis  and  biological 
applications  of  glycoconjugates.  Bentham  Science,  Oak  Park,  pp.  64-77 

56.  Wennekes  T,  van  den  Berg  RJBHN,  Bonger  KM  et  al  (2010)  Synthesis  and  evaluation  of 
dimeric  lipophilic  iminosugars  as  inhibitors  of  glucosylceramide  metabolism.  Tetrahedron 
Asymmetry  20:836-846 

57.  Lohse  A,  Jensen  KB,  Lundgren  K,  Bols  M  (1999)  Synthesis  and  deconvolution  of  the  first 
combinatorial  library  of  glycosidase  inhibitors.  Bioorg  Med  Chem  7:1965-1971 

58.  Compain  P,  Decroocq  C,  Iehl  J  et  al  (2010)  Glycosidase  inhibition  with  fullerene  iminosugar 
balls:  a  dramatic  multivalent  effect.  Angew  Chem  Int  Ed  Engl  49:5753-5756 

59.  Diot  J,  Garcia-Moreno  MI,  Gouin  SG  et  al  (2009)  Multivalent  iminosugars  to  modulate 
affinity  and  selectivity  for  glycosidases.  Org  Biomol  Chem  7:357-363 

60.  Durka  M,  Buffet  K,  Iehl  J  et  al  (2012)  The  inhibition  of  liposaccharide  heptosyltransferase 
WaaC  with  multivalent  glycosylated  fullerenes:  a  new  mode  of  glycosyltransf erase  inhibi- 
tion. Chem  Eur  J  18:641-651 

61.  Escaich  S  (2008)  Antivirulence  as  a  new  antibacterial  approach  for  chemotherapy.  Curr  Opin 
Chem  Biol  12:400-408 

62.  Moreau  F,  Desroy  N,  Genevard  JM  et  al  (2008)  Discovery  of  new  Gram-negative 
antivirulence  drugs:  structure  and  properties  of  novel  E.  coli  WaaC  inhibitors.  Bioorg  Med 
Chem  Lett  18:4022^026 

63.  Tasis  D,  Tagmatarchis  N,  Bianco  A  et  al  (2006)  Chemistry  of  carbon  nanotubes.  Chem  Rev 
106:1105-1136 

64.  Bianco  A,  Kostarelos  K,  Prato  M  (2005)  Applications  of  carbon  nanotubes  in  drug  delivery. 
Curr  Opin  Chem  Biol  9:674-679 

65.  Martin  CR,  Kohli  P  (2003)  The  emerging  field  of  nanotube  biotechnology.  Nat  Rev  Drug 
Discov  2:29-37 

66.  Lin  Y,  Taylor  S,  Li  H  et  al  (2004)  Advances  toward  bioapplications  of  carbon  nanotubes. 
J  Mater  Chem  5:27-541 

67.  Prato  M,  Kostarelos  K,  Bianco  A  (2008)  Functionalized  carbon  nanotubes  in  drug  design  and 
discovery.  Acc  Chem  Res  41:60-68 

68.  Pastorin  G,  Kostarelos  K,  Prato  M  et  al  (2005)  Functionalized  carbon  nanotubes:  towards  the 
delivery  of  therapeutic  molecules.  J  Biomed  Nanotechnol  1:133-142 

69.  Pantarotto  D,  Singh  R,  McCarthy  D  et  al  (2004)  Functionalized  carbon  nanotubes  for  plasmid 
DNA  gene  delivery.  Angew  Chem  Int  Ed  43:5242-5246 

70.  Shi  Kam  NW,  Jessop  TC,  Wender  PA  et  al  (2004)  Nanotube  molecular  transporters: 
internalization  of  carbon  nanotube-protein  conjugates  into  mammalian  cells.  J  Am  Chem 
Soc  126:6850-6851 

71.  Bianco  A,  Kostarelos  K,  Partidos  CD  et  al  (2005)  Biomedical  applications  of  functionalised 
carbon  nanotubes.  Chem  Commun  2005:571-577 

72.  Gorityala  BK,  Ma  J,  Wang  X  (2010)  Carbohydrate  functionalized  carbon  nanotubes  and  their 
applications.  Chem  Soc  Rev  39:2925-2934 

73.  Bandaru  NM,  Voelcker  NH  (2012)  Glycoconjugate-functionalized  carbon  nanotubes  in 
biomedicine.  J  Mater  Chem  22:8748-8758 


Applications  of  Glyconanoparticles  as  "Sweet"  Glycobiological. 


339 


74.  Wu  P,  Chen  X,  Hu  N  et  al  (2008)  Biocompatible  carbon  nanotubes  generated  by  functiona- 
lization  with  glycodendrimers.  Angew  Chem  Int  Ed  47:5022-5025 

75.  Chen  X,  Lee  GS,  Zettl  A  et  al  (2004)  Biomimetic  engineering  of  carbon  nanotubes  by  using 
cell  surface  mucin  mimics.  Angew  Chem  Int  Ed  43:6112-6116 

76.  Hong  SY,  Tobias  G,  Al-Jamal  KT  et  al  (2010)  Filled  and  glycosylated  carbon  nanotubes  for 
in  vivo  radioemitter  localization  and  imaging.  Nat  Mater  9:485-490 

77.  Vedala  H,  Chen  Y,  Cecioni  S  et  al  (2010)  Nanoelectronic  detection  of  lectin-carbohydrate 
interactions  using  carbon  nanotubes.  Nano  Lett  11:170-175 

78.  Chen  Y,  Vedala  H,  Kotchey  GP  et  al  (2012)  Electronic  detection  of  lectins  using 
carbohydrate-functionalized  nanostructures:  graphene  versus  carbon  nanotubes.  ACS  Nano 
6:760-770 

79.  Brust  M,  Walker  M,  Bethell  D  et  al  (1994)  Synthesis  of  thiol-derivatized  gold  nanoparticles 
in  a  2-phase  liquid-liquid  system.  J  Chem  Soc  Chem  Commun  1994:801-802 

80.  Marradi  M,  Chiodo  F,  Garcia  I  et  al  (2011)  Glycoliposomes  and  metallic  glyconanoparticles 
in  glycoscience.  In:  Renaudet  O,  Spinelli  N  (eds)  Synthesis  and  biological  applications  of 
glycoconjugates.  Bentham  Science,  Oak  Ridge,  pp  164-202 

81.  Chang-Ming  D  (2011)  Glyconanoparticles  for  biomedical  applications.  Combin  Chem  High 
Throughput  Screen  14:173-181 

82.  Marradi  M,  Martin-Lomas  M,  Penades  S  (2010)  Glyconanoparticles:  polyvalent  tools  to 
study  carbohydrate-based  interactions.  Adv  Carbohydr  Chem  Biochem  64:211-290 

83.  de  la  Fuente  JM,  Barrientos  AG,  Rojas  TC  et  al  (2001)  Gold  glyconanoparticles  as  water- 
soluble  polyvalent  models  to  study  carbohydrate  interactions.  Angew  Chem  Int  Ed  40: 
2257-2261 

84.  Ojeda  R,  de  Paz  JL,  Barrientos  AG  et  al  (2007)  Preparation  of  multifunctional  glyconano- 
particles as  a  platform  for  potential  carbohydrate-based  anticancer  vaccines.  Carbohydr  Res 
342:448-459 

85.  Brinas  RP,  Sundgren  A,  Sahoo  P  et  al  (2012)  Design  and  synthesis  of  multifunctional  gold 
nanoparticles  bearing  tumor-associated  glycopeptide  antigens  as  potential  cancer  vaccines. 
Bioconjug  Chem  23:1513-1523 

86.  Marradi  M,  Alcantara  D,  de  la  Fuente  JM  et  al  (2009)  Paramagnetic  Gd-based  gold 
glyconanoparticles  as  probes  for  MRI:  tuning  relaxivities  with  sugars.  Chem  Commun 
2009:3922-3924 

87.  Schofield  CL,  Field  RA,  Russell  DA  (2007)  Glyconanoparticles  for  the  colorimetric  detection 
of  cholera  toxin.  Anal  Chem  79:1356-1361 

88.  Turnbull  WB,  Precious  BL,  Homans  SW  (2004)  Dissecting  the  cholera  toxin-ganglioside 
GM1  interaction  by  isothermal  titration  calorimetry.  J  Am  Chem  Soc  126:1047-1054 

89.  Reynolds  M,  Marradi  M,  Imberty  A  et  al  (2012)  Multivalent  gold  glycoclusters:  high  affinity 
molecular  recognition  by  bacterial  lectin  PA-IL.  Chem  Eur  J  18:4264—4273 

90.  Weingart  JJ,  Sun  XL  (2011)  Glyco-functionalized  quantum  dots.  ACS  Symp  Ser  1091: 
105-121 

91.  Svarovsky  SA,  Barchi  JJ  Jr  (2007)  De  novo  sunthesis  of  biofunctional  carbohydrate- 
encapsulated  quantum  dots.  ACS  Symp  Ser  960:375-392 

92.  Dong  CM  (2011)  Glyconanoparticles  for  biomedical  applications.  Comb  Chem  High 
Throughput  Screen  14:173-181 

93.  Ohyanagi  T,  Nagahori  N,  Shimawaki  K  et  al  (2011)  Importance  of  sialic  acid  residues 
illuminated  by  live  animal  imaging  using  phosphorylcholine  self-assembled  monolayer- 
coated  quantum  dots.  J  Am  Chem  Soc  133:12507-12517 

94.  Malvindi  MA,  Corato  RD,  Curcio  A  et  al  (2011)  Multiple  functionalization  of  fluorescent 
nanoparticles  for  specific  biolabeling  and  drug  delivery  of  dopamine.  Nanoscale 
3:5110-5119 

95.  Yang  Y,  Yu  M,  Yan  T-T  et  al  (2010)  Characterization  of  multivalent  lactose  quantum  dots 
and  its  application  in  carbohydrate-protein  interactions  study  and  cell  imaging.  Bioorg  Med 
Chem  18:5234-5240 


340 


N.  Kottari  et  al. 


96.  Gupta  AK,  Gupta  M  (2005)  Synthesis  and  surface  engineering  of  iron  oxide  nanoparticles  for 
biomedical  applications.  Biomaterials  26:3995-4021 

97.  El-Boubbou  K,  Zhu  DC,  Vasileiou  C,  Borhan  B  et  al  (2010)  Magnetic  glyco-nanoparticles:  a 
tool  to  detect,  differentiate,  and  unlock  the  glyco-codes  of  cancer  via  magnetic  resonance 
imaging.  J  Am  Chem  Soc  132:4490-4499 

98.  Gallo  J,  Garcia  I,  Genicio  N,  Padro  D,  Penades  S  (201 1)  Specific  labelling  of  cell  populations 
in  blood  with  targeted  immuno-fluorescent/magnetic  glyconanoparticles.  Biomaterials 
32:9818-9825 

99.  J0lck  RI,  Feldborg  LN,  Andersen  S  et  al  (2011)  Engineering  liposomes  and  nanoparticles  for 
biological  targeting.  Adv  Biochem  Eng  Biotechnol  125:251-280 

100.  Ahn  DJ,  Kim  J-M  (2008)  Fluorogenic  polydiacetylene  supramolecules:  immobilization, 
micropatterning,  and  application  to  label-free  chemosensors.  Acc  Chem  Res  41:805-816 

101.  Deng  J,  Sheng  Z,  Zhou  K  et  al  (2009)  Construction  of  effective  receptor  for  recognition  of 
Avian  influenza  H5N1  protein  HA1  by  assembly  of  monohead  glycolipids  on  polydiacetylene 
vesicle  surface.  Bioconjug  Chem  20:533-537 

102.  Zhu  J,  Xue  J,  Guo  Z  et  al  (2007)  Biomimetic  glycolipo somes  as  nanocarriers  for  targeting 
P-selectin  on  activated  platelets.  Bioconjug  Chem  18:1366-1369 

103.  McEver  RP,  Cummings  RD  (1997)  Cell  adhesion  in  vascular  biology.  J  Clin  Invest 
110:  485^91 

104.  Li  F,  Erickson  HP,  James  JA  et  al  (1996)  Visualization  of  P-selectin  glycoprotein  ligand-1  as 
a  highly  extended  molecule  and  mapping  of  protein  epitopes  form  monoclonal  antibodies. 
J  Biol  Chem  271:6342-6348 

105.  Ma  Y,  Sobkiv  I,  Gruzdys  V  et  al  (2012)  Liposomal  glyco-microarray  for  studying 
glycolipid-protein  interactions.  Anal  Bioanal  Chem  404:51-58 

106.  van  Dongen  SFM,  de  Hoog  H-PM,  Peters  RJRW  et  al  (2009)  Biohybrid  polymer  capsules. 
Chem  Rev  109:6212-6274 

107.  Richard  C,  Chaumet-Riffaud  P,  Belland  A  et  al  (2009)  Amphiphilic  perfluoroalkyl 
carbohydrates  as  new  tools  for  liver  imaging.  Int  J  Pharm  379:301-308 

108.  Chabaud  E,  Barthelemy  P,  Mora  N  et  al  (1998)  Stabilization  of  integral  membrane  proteins  in 
aqueous  solution  using  fluorinated  surfactants.  Biochimie  80:515-530 

109.  Bo  AGD,  Soldi  V,  Giacomelli  FC  et  al  (2012)  Self-assembly  of  amphiphilic  glycoconjugates 
into  lectin-adhesive  nanoparticles.  Langmuir  28:1418-1426 

110.  Roy  R  (1996)  Blue-prints,  syntheses  and  applications  of  gly copolymers.  Trends  Glycosci 
Glycotechnol  8:79-99 

111.  Ladmiral  V,  Melia  E,  Haddleton  DM  (2004)  Synthetic  gly  copolymers:  an  overview. 
Eur  Polym  J  40:431^49 

112.  Roy  R  (1996)  Syntheses  and  some  applications  of  chemically  defined  multivalent  glyco- 
conjugates. Curr  Opin  Struct  Biol  65:692-702 

113.  Chabre  YM,  Roy  R  (2009)  The  Chemist's  way  to  prepare  multivalency.  In:  Gabius  HJ  (ed) 
The  sugar  code:  fundamentals  of  glycosciences.  Wiley-Blackwell,  Weinheim,  pp  53-70 

114.  Pearson  S,  Scarano  W,  Stenzel  MH  (2012)  Micelles  based  on  gold-glycopolymer  complexes 
as  new  chemotherapy  drug  delivery  agents.  Chem  Commun  48:4695-4697 

1 15.  Gaujoux-Viala  C,  Smolen  JS,  Landewe  R  et  al  (2010)  Extended  report:  Current  evidence  for 
the  management  of  rheumatoid  arthritis  with  synthetic  disease-modifying  antirheumatic 
drugs:  a  systematic  literature  review  informing  the  EULAR  recommendations  for  the  man- 
agement of  rheumatoid  arthritis.  Ann  Rheum  Dis  69:1004-1009 

1 16.  Jiang  X,  Housni  A,  Gody  G  et  al  (2010)  Synthesis  of  biotinylated  oc-D-mannoside  or  N-acetyl 
P-D-glucosaminoside  decorated  gold  nanoparticles:  study  of  their  biomolecular  recognition 
with  Con  A  and  WGA  lectins.  Bioconjug  Chem  21:521-530 

117.  McGilvray  KL,  Decan  MR,  Wang  D  et  al  (2006)  Facile  photochemical  synthesis  of  unpro- 
tected aqueous  gold  nanoparticles.  J  Am  Chem  Soc  128:15980-15981 

118.  Wang  Y,  Zhang  X,  Han  Y  et  al  (2012)  pH-  and  glucose-sensitive  glycopolymer  nanoparticles 
based  on  phenylboronic  acid  for  triggered  release  of  insulin.  Carbohydr  Polym  89:124-131 


Applications  of  Glyconanoparticles  as  "Sweet"  Glycobiological. 


341 


119.  Egawa  Y,  Seki  T,  Takahashi  S  et  al  (2011)  Electrochemical  and  optical  sugar  sensors  based 
on  phenylboronic  acid  and  its  derivatives.  Mater  Sci  Eng  C  31:1257-1264 

120.  Oh  JK,  Bencherif  SA,  Matyjaszewski  K  (2009)  Atom  transfer  radical  polymerization  in 
inverse  miniemulsion:  a  versatile  route  toward  preparation  and  functionalization  of 
microgels/nanogels  for  targeted  drug  delivery  applications.  Polymer  50:4407-4423 

121.  Ebara  M  (2011)  Carbohydrate-derived  hydrogels  and  microgels.  In:  Narain  R  (ed) 
Engineered  carbohydrate-based  materials  for  biomedical  applications-polymers,  surfaces, 
dendrimers,  nanoparticles,  and  hydrogels.  Wiley,  Hoboken 

122.  Ahmed  M,  Narain  R  (2012)  Intracellular  delivery  of  DNA  and  enzyme  in  active  form  using 
degradable  carbohydrate-based  nanogels.  Mol  Pharm  9:3160-3170 

123.  Wu  W,  Shen  J,  Banerjee  P  et  al  (2010)  Chitosan-based  responsive  hybrid  nanogels  for 
integration  of  optical  pH-sensing,  tumor  cell  imaging  and  controlled  drug  delivery. 
Biomaterials  31:8371-8381 

124.  Dutta  PK  (ed)  (2005)  Chitin  and  chitosan  opportunities  and  challenges.  SSM  International 
Publication,  Midnapore 

125.  Mizrahy  S,  Peer  D  (2012)  Polysaccharides  as  building  blocks  for  nanotherapeutics.  Chem  Soc 
Rev  41:2623-2640 

126.  Bhaw-Luximon  A  (2011)  Modified  natural  polysaccharides  as  nanoparticulate  drug  delivery 
devices.  In:  Narain  R  (ed)  Engineered  carbohydrate-based  materials  for  biomedical 
applications-polymers,  surfaces,  dendrimers,  nanoparticles,  and  hydrogels.  Wiley,  Hoboken 

127.  Park  SY,  Baik  HJ,  Oh  YT  et  al  (2011)  A  smart  polysaccharide/drug  conjugate  for  photody- 
namic  therapy.  Angew  Chem  Int  Ed  50:1644-1647 

128.  Bogdan  N,  Vetrone  F,  Roy  R  et  al  (2010)  Carbohydrate-coated  lanthanide-doped 
upconverting  nanoparticles  for  lectin  recognition.  J  Mater  Chem  20:7543-7550 

129.  Pfaff  A,  Schallon  A,  Ruhland  TM  et  al  (201 1)  Magnetic  and  fluorescent  glycopolymer  hybrid 
nanoparticles  for  intranuclear  optical  imaging.  Biomacromolecules  12:3805-3811 

130.  Pfaff  A,  Shinde  VS,  Lu  Y  et  al  (2011)  Glycopolymer-grafted  polystyrene  nanospheres. 
Macromol  Biosci  11:199-210 

131.  Gabius  HJ,  Andre  S,  Jimenez-Barbero  J  et  al  (2011)  From  lectin  structure  to  functional 
glycomics:  principles  of  the  sugar  code.  Trends  Biochem  Sci  36:288-303 

132.  Gabius  HJ  (ed)  (2009)  The  sugar  code:  fundamentals  of  glycosciences.  Wiley-Blackwell, 
Weinheim 


Index 


A 

Albumin,  3,  64,  170,  216,  247,  254,  257,  277 
Alginate,  37,  88,  110,  247,  260,  276,  291,  332 
Aluminium  oxide  (alumina),  58 
Amphotericin  B  (AmB),  188 
Anti-angiogenesis,  213 
Anticancer  effects,  211 
Anti-inflammatory  effects,  210 
Antimetastatic  effects,  214 
Antioxidants,  77,  208,  262,  277 
Antituberculosis  drug  carriers, 

alginate  nanoparticles,  291 
Arborols,  300 
Auronafin,  328 
Aza[60]fulleroids,  23 
Aziridino[60]fullerene,  23 


B 

Bacillus  amyloliquefaciens,  98 
Benzophenone,  179 

Bioavailability,  112,  203,  243,  279,  329 
Biodegradable  polymers,  169 
Biopolymers,  3,  59,  241,  269 
Biovalve,  193 

Blood-brain  barrier  (BBB),  37,  254, 

278,  285 
Bone,  135,  138 

allografts,  145 

autografts,  144 

grafting,  143 

tissue  engineering,  152 

xenografts,  145 
Buccal  delivery  systems,  chitosan,  287 
Budesonide,  178 


C 

Calcium  phosphate,  154,  158,  174 
NPs,  64 

Cancer  metastasis,  206,  208,  212,  214,  227 
Cancer  therapeutics,  203 
Cancer  therapy,  chitosan,  289 
Carbohydrates,  241,  244 

circulation,  256 

drug  loading,  246 

drug  release,  249 

stability,  252 
Carbon  nanofibers,  58 
Carbon  nanotubes  (CNT),  1,  2,  14,  58,  310 
Carboxymethylchitosan  (CMCTS),  109 
Casein,  98,  248,  252,  259 
Cellulose,  1,  3,  34,  118,  152,  253,  260,  262, 

271,  287 
Ceramic  NPs,  58 
Cerium  oxide  (ceria),  58 
Chemotherapy,  299 
Chitin,  1,  34,  89,  273 
Chitin  deacetylases,  96 

Chitosan,  1,  34,  62,  89,  135,  156,  169,  189, 

272,  286 

hollow  nanospheres  (HNPs),  115 

Af-maleated  (NMC),  105 
Chitosan-based  luminescent/magnetic  (CLM) 

nanomaterials,  117 
Chitosan-cyclodextrin,  111 
Chitosan-DNA,  290 
Chitosan-g-PEG,  103 
Chitosan-( acrylic  acid)  magnetite,  113 
Chitosan-PELA,  115 

Chitosan-poly(acrylic  acid)  (PAAC)  hollow 
nanospheres,  114 


343 


344 


Index 


Chitosan-4-thiol-butylamine,  104 
Chitosan-ZnS  QDs,  39 
Cholesterol,  39,  229,  256,  325 
Cholesterol  succinyl  chitosan-anchored 

liposomes  (CALs),  39 
Cisplatin,  248 

Coacervation,  63,  177,  260,  281,  290 
Collagen,  135,  139,  248,  278 
Composite  NPs,  64 
Curcuma  longa,  203,  206 
Curcumin,  179,  203,  206,  215,  224 
Cyclodextrins,  28,  64,  111,  228,  282,  332 


D 

Dendrimers,  2,  64 

Dental  disease,  chitosan,  287 

Devices,  192 

Dextran,  12,  53,  179,  192,  218,  246,  256,  332 
Diagnostics,  297 
Dialysis,  184 

Dihydroxyanthraquinone  (DHA),  259 
DNA  delivery,  53,  252,  290 
Docetaxel,  247 
DOPE,  55 
DOTAP,  55 

Doxorubicin  (DOX),  106,  178,  187,  218, 
253,  286 

Drug  delivery,  3,  37,  169,  287,  297,  300 
Drug  loading,  245,  285 

E 

E-cadherin,  214 
Electrospray  drying,  282 
Embryo,  gene  delivery,  51 
Emulsification,  181 
Emulsion  crosslinking,  258 
Enhanced  permeability  and  retention  (EPR), 
299 

Epicatechin,  206 

Epigallocatechin  gallate,  203,  206,  222 
Ethylcellulose,  215 


F 

Fibroblast  growth  factor  (FGF),  252 

Flavonolignans,  203 

5-Fluorouracil,  107,  177,  187,  191,  246, 

248,  285 
Fullerene,  1,  22 


G 

Gadolinium  neutron-capture  therapy,  290 
Gastrointestinal  delivery  systems, 

chitosan,  288 
Gel  network,  271 

Gelatin,  63,  169,  190,  248,  252,  278,  292 
Gelation,  ionic,  259 

ionotropic,  281 
Gene  delivery,  51 

chitosan,  289 

embryos,  72 

non-viral,  53 

oocytes,  71 
Genetic  engineering,  51 
Glycoclusters,  303 
Glycodendrimers,  297,  300 
Glycofullerenes,  306 
Glycolipo somes,  324 
Glyconanoparticles  (GNPs),  297 
Glyconanotubes,  310 
Glycopolymers,  328 
Gly co-quantum  rods,  320 
Glycosylation,  252,  263 
Gly cosyltransf erase,  309 
Gold  (Au)  NPs,  56,316 

functionalized,  4 
Grape  seed  extract,  203,  207,  231 
Graphene,  1,  21,  39,  310 
Green  tea,  206 

H 

Helicobacter  pylori,  288 
Hexamethylene  diisocyanate  (HMDI)/ 

hydroxyethyl  methacrylate 

(HEMA),  154 
Hollow  polymeric  nano spheres  (HPNSPs),  113 
Hyaluronan,  63,  246 
Hydrolysis,  173 

Hydroxyapatite  (HAp),  39,  135,  146 
I 

Implants,  192 

Inclusion  complexation,  282 
Indomethacin,  189 
Insulin,  117,  120,  188,  260,  283,  330 
Ionic  gelation,  259 

Iron-oxide  nanoparticles  (IONPs),  7,  322 
Isocyanatoethyl  methacrylate  (ICEM),  154 
Isodon  rubescens,  111 


Index 


345 


L 

Lanthanide  NPs,  333 
Lipid-protamine-DNA  (LPD)  NPs,  55 
Lipofectamine,  64 
Lipoplexes,  55 
Lipopoly saccharides,  309 
Liposomes,  1,  23,  39,  55,  324 
Loading  capacity,  243 
Luminescence  resonance  energy  transfer 
(LRET),  333 

M 

Magnetofection,  57 

Meso-meso  linked  diporphyrins,  14 

Metallic  nanomaterials,  2 

Metal  nanoparticles,  4 

Methylcellulose,  216,  229 

Micelles,  327 

Microcapsules,  269 

Microencapsulation,  269 

Microparticles,  269 

Milk  proteins,  248,  255 

Multiwalled  carbon  nanotubes  (MWCNTs), 

14,  33,  39,  222,310 
Mycobacterium  tuberculosis,  278,  292 

N 

Nanobiopolymers,  87 
Nanocarriers,  circulation,  255 

stability,  252 
Nanocompo sites,  1,  30 
Nanogels,  269,  330 

chitosan-based,  116 
Nanohydroxy  apatite,  135 
Nanomaterials,  1 

functionalized,  3 
Nanomedicine,  203 
Nanoparticles,  1,  51 

functionalized,  1 
Nanoprecipitation,  183 
Nanoshells,  2 

Nanospheres,  chitosan-based,  110 
Nanotubes,  2,  6,  14,  20,  113 

carbon,  1,  2,  14,  58,  310 

glyco-,  310 

spearing,  58 
New  Zealand  Arrow  squid,  93 
Notodarus  sloani,  93 


O 

Opsonins,  255 
Organic  nanomaterials,  2 
Oridonin  (ORI),  117 
Osteoblasts,  142 
Osteocytes/osteoclasts,  143 
Oxidation,  172 


P 

PAMAM  [poly(amidoamine)]  dendrimers,  300 

Particle  morphology,  284 

Particle  size,  283 

Particle  stability,  284 

PEI,  polyplex  DNA,  59 

PEO-/?-PAMPS,  117 

Photodynamic  therapies  (PDT),  299 

Phthaloyl  chitosan,  104 

Phytochemicals,  203 

Podophthalmus  vigil,  95 

Poly(alkyl  cyanoacrylates),  169,  188 

Poly(beta-amino  esters),  62 

Poly(butyl  cyanoacrylate)  (PBC),  189 

Poly(e-caprolactone),  169,  187 

Polyethylene  glycol)  (PEG),  62,  103,  298 

Polyethylene  oxide)  (PEO),  188 

Poly(glycolic  acid),  184 

Poly(hydroxybutyrate-covalerate)  (PHBV),  174 

Poly(hydroxyethyl  methacrylate)  (PHEMA),  154 

Poly(isohexyl  cyanoacrylate)  (PIHCA),  188 

Poly(L-lysine)  (PLL),  53,  253 

Poly(lactic  acid),  169,  186 

Poly (lactic-co-gly colic  acid),  169,  187 

Poly(AMsopropylmethacrylamide) 

(PNIPAAm),  107,  118 
Poly (N- vinyl  caprolactam)  (PNVCL),  107 
Polyamidoamine  (PAA),  60 

dendrimer,  53 
Poly(methyl  methacrylate),  bone  engineering,  153 
Poly(AMsopropylacrylamide)-Z?-poly 

(3-caprolactone)  (PNPCL),  188 
Poly(cyanoacrylate-c<9-ft-hexadecyl) 

cyanoacrylate  (PHDCA),  256 
Polydiacetylene  (PDA)  liposomes,  324 
Polyethyleneimine  (PEI),  53 
Poly  ion  complex  micelles  (PIC),  60,  116 
Poly  ionic  bioreducible  polymers,  58 
Polylactide  (PL A),  53 
Polylactide-coglycolide  (PLGA),  53,  62 
Polymeric  nanoparticles,  203 


346 


Index 


Poly[(2-methylamino)  ethyl  methacrylate] ,  53 
Polypeptides,  61 
Polysaccharides,  87,  270,  332 
Polyurethane,  190 
Praziquantel,  192 
Proteins  241,  244 

circulation,  257 

drug  loading,  247 

drug  release,  251 

stability,  253 

Q 

Quantum  dots,  1,  30,  119,  297,  320 
Quantum  rods,  320 


R 

Rabdosia  (=  Isodon)  rubescens,  111 
Rapamycine,  247 

Reactive  oxygen  species  (ROS),  58,  77,  172, 

208,  228, 262 
Release,  243 
Reprogramming,  51 
Resveratrol,  203,  206,  228-230 


S 

Salting-out,  182 

Saponins,  203,  207,  231 

Serum  albumin,  64,  170,  216,  278 

Silica  nanoparticles,  14 

Silicon  nanomaterials,  2 

Silver  nanoparticles  (Ag  NPs),  56,  292 

Silybin,  203,  207 

Silybum  marianum,  207 

Silymarin,  203,  207,  230 

Simulated  gastric  fluid  (SGF),  289 

Single- walled  carbon  nanotubes  (SWCNTs), 

14,  310 
Solanine,  205 


Solvent  evaporation,  181 
Somatic  cell  nuclear  transfer,  69 
Sperm-mediated  gene  transfer  (SMGT),  69 
Spray  drying,  260,  279 
Starch,  88,98,  116,  245,  247 
Stem  cells,  gene  delivery,  51 
Superparamagnetic  iron-oxide  nanoparticles 

(SPIONs),  7 
Synthetic  bone,  135 
Synthetic  polymer,  135 

T 

Tablets,  chitosan,  286 

Tetradecanoylphorbol- 13 -acetate  (TP A),  209 

Therapeutics,  297 

Tissue  engineering,  1 

Tissue  inhibitor  metalloproteinase 

2  (TIMP-2),  214 
Tocopherol,  109,  179 
Topoisomerase,  209,  247 
Transgenesis,  51,  69 
Transglutaminase,  259 

U 

Ultrasmall  superparamagnetic  iron-oxide 
nanoparticles  (USPIONs),  7 

V 

Vinblastin,  186,  248 
Vitis  vinifera,  207 

Y 

Yttrium  oxide,  58 
Z 

Zirconium  phosphate,  58 


